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VOUJMB  I 

DESIGN  OP  HYDROFOIL  CRAFT 


INTRODUCTION 

The  Hydrofoil  Handbook  is  subdivided  into  two  volumes.  This  first 
volume  presents  the  more  general  aspects  of  design  and  development  of 
hydrofoil  craft,  as  distinct  from  the  more  specific  hydrodynamic 
information  in  the  second  volume.  All  that  can  be  said  at  this  time 
regarding  configuration  and  s?neral  design  of  hydrofoil  systems  is 
presented  in  a  form  which  is  believed  to  be  understandable  to  the 
engineer  engaged  in  the  art  of  hydrofoil-craft,  design. 

The  material  is  arranged  under  chapter  headings  as  indicated  in 
the  Table  of  Contents.  In  order  to  give  the  reader  some  knowledge  of 
the  background  of  hydrofoil  research  and  development  over  the  years,  a 
brief  historical  review  is  given  first  of  the  developed  types  and  of 
hydrofoil  boats  aotually  built.  The  influence  of  sis*  and  speed  is  con¬ 
sidered  next,  showing  the  major  parametric  relationships  of  size,  spend 
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and  power  in  hydrofoil  craft j  with  indication  that  hydrofoil  t.,;  <t 
have  predominant  application  in  small  sites  '.-*d  i.»  higher  speeds  -  as 
compared  to  displacement-type  ships. 

A  synopsis  of  major  considerations  infli*«nnlrjj  the  choice  of  con¬ 
figuration  is  given.  The  advantages  (and  di iadvant£j*e)  of  the  various 
systems  are  reviewed.  Arrangement  of  component  parts  of  the  foil  system 
considered.  Hull  shape,  construction  materials  and  machinery  typaa 
are  discussed. 

Keans  of  analysing  and  calculating  performance  characteristics  are 
presented.  Including  suoh  aspects  as  take-off,  speed  and  turning. 

Balance  end  stability  of  hydrofoil  boats  are  analysed  to  some  extent  and 
praotloal  conclusions  affecting  the  design  are  made.  Structural  loading 
eondltions  applicable  to  hydrofoil  craft  in  general  are  r  J.rsd 
methods  for  structural  design  of  tno  foil -strut  configuration  and  the 
hull  art  indioat  *.  Finally,  analysis  is  made  of  the  various  design 
studies  undertaken  to  date  by  Olbbs  &  Cox,  Inc.  In  one  of  the  Appendixes. 

In  preparing  this  volume,  in.'*  nation  was  extracted  from  available 

'  i 

public at ions  on  existing  hydrofoil  boats,  Svaluation  of  this  material 
is  bastd  upon  the  experience  the  authors  have  enquired  in  analysis, 
design,  And  spsratisn  of  suoh  eraft.  Since  this  experience  is  still 
limited,  soma  of  the  eonoluBions  rsaohsd  may  be  considered  tentative  and 
susceptible  to  rovision  after  further  experience  is  gained.  It  is  felt, 
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however,  that  information  based  on  admittedly  limited  knowledge  should 
be  included  rather  than  omitted. 

On  certain  aspects  of  hydrofoil  boats,  no  information  is  available 
from  outside  sources.  In  these  instances,  the  authors  have  presented 
the  results  of  their  own  studies,  performed  under  direction  of  the  Navy's 
Office  of  Naval  Research  at  Gibbs  &  Cox,  Inc.  The  results  of  these 
studies  are  more  detailed  than  could  be  presented  in  this  handbook.  The 
Judgement  of  the  authors  in  selecting  subjects  and  conclusions,  and  their 
personal  prefarencee  in  doing  eo,  are  naturally  involved  to  some  extent. 
It  should  also  be  admitted  that  this  volume  is  not  complete }  it  does  not 
yet  give  the  answers  to  all  questions  which  may  arise  in  the  design  of 
hydrofoil  boats.  For  example,  more  should  be  knowr  and  presented  on 
dynamie  stability,  structural  weights  and  machinery  aspects.  It  is  hoped 
that  farther  development  work  (including  operation  of  full-size  boats) 
Will  establish  the  experience  necessary  for  the  treatment  of  these  items. 
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1.  INTRODUCTION 


Th#  principle  of  a  hydrofoil  traveling  through  water  and  supporting 
a  hull  la  basically  the  sane  as  that  of  a  wing  traveling  through  air  and 
supporting  a  fuselage.  The  fact  that  the  principle  should  apply  to 
water  as  well  as  air  was  known  prior  to  the  turn  of  the  century,  and 
hydrofoil  experiments  paralleled  the  development  of  the  airplane. 

The  attractiveness  of  the  hydrofoil-supported  craft  over  the  con¬ 
ventional  water-borne  craft  is  that  it  can  be  operated  at  high  speeds 
with  the  hull  out  of  water,  substituting  a  more  efficient  lifting 
surface  (the  foil)  for  the  large  hull,  the  drag  of  which  becomes 
excessive  at  high  speeds.  Another  important  feature  is  that  the  foil 
IS  not  influenced  by  waves  to  the  extent  that  the  hull  would  bej  the 
hydrofoil -supported  craft,  therefore,  has  better  riding  qualities  and/or 
higher  sustained  speeds  in  a  sa  .i-y. 

Progress  in  ths  development  of  hydrofoil  boats  was  slow,  however. 

The  desire  for  speed  was  met  by  the  airplane,  while  efficiency  of  trans¬ 
port  wae  net  by  the  displacement  ship  operating  at  slow  speeds.  Never¬ 
theless,  e  surprisingly  large  number  of  hydrofoil  boats  have  been 
designed,  built  and  tested  during  the  last  fifty  years.  In  recent  years, 
with  the  advance  in  marine  technology  and  the  urge  for  higher  chip  speeds, 
hydrofoil*  have  been  given  more  and  more  attention. 

Hydrofoil  system#  may  be  classified  under  four  basic  types, 

Indicated  as  follows* 
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a.  Multiple-Foil  ’’Ladder"  Systems.  Such  configurationn  employ 
units  of  two  or  more  foils  arranged  one  above  the  other, 
similar  to  a  ladder.  Control  of  the  craft's  height  relative 
to  the  water  surface  is  afforded  by  the  alternate  submergence 
and  emergence  of  one  or  more  of  the  foils,  as  required. 

b.  Surf aoe -Piercing  "V"  Foil  Systems.  This  configuration 
•mploys  7-shaped  foils  whose  tips  pierce  through  the  water 
surface.  Control  is  afforded  by  the  Increase  or  decrease 
of  foil  area,  as  required. 

o.  Submerged  Foil  with  Planing  Surface  Control.  This  configur¬ 
ation  employs  a  large  load-carrying  foil  completely  submerged, 
with  planing  eurfaees  at  the  forward  end  of  the  craft. 

Control  is  afforded  by  the  planing  surfaces  maintaining  their 
position  at  the  water  surface,  while  the  craft  trims  to 
different  angles  thus  imposing  changes  in  foil  angle  and 
consequent  changes  in  foil  lift,  as  required. 

d«  Folly'  Subaergsd  Foil  Systems.  This  configuration  employs 
fully-aubmtrgcd  foils.  Control  is  afforded  by  remote  means 
(■aohanieal,  sleotrioal,  etc.)  that  change  the  angles  of 
attack  of  warioua  foil  component*  in  relation  to  the  craft, 
thus  changing  the  lift,  a*  required. 
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There  are  many  variations  of  ths  above  systems  and  various  com¬ 
binations  of  different  elements.  Most  of  these  configurations  have 
been  explored  almost  concurrently  in  the  early  experimental  years,  but 
actual  developments  of  usable  craft  proceeded  roughly  in  the  chronological 
order,  as  listed  above.  Generally,  each  type  of  system  is  somewhat  more 
difficult  to  design  and  perfect  than  the  preceding  one)  attaining, 
however,  somewhat  greater  efficiency  and  refinement  of  oontrol. 

Progress  is  oontlnulng  in  the  development  of  all  types  and  arrange¬ 
ments*  The  historical  review  presented  herein  will  describe  briefly  the 
elements  of  the  various  systems,  their  development  and  performance 
characteristics,  and  some  of  the  actual  craft  that  have  been  built  and 
operated  utilising  hydrofoils. 
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There  are  many  variations  of  the  a':>rw,  systems  and  various  com¬ 
binations  of  different  elements.  Most  of  these  configurations  have 
been  explored  almost  concurrently  in  the  early  experimental  years,  but 
actual  developments  of  usable  craft  proceeded  roughly  in  the  chronological 
order,  as  listed  above*  Oenerally,  each  type  of  system  is  somewhat  more 
difficult  to  design  and  perfect  than  the  preceding  one)  attaining, 
however,  somewhat  greater  efficiency  and  refinement  of  control* 

Progress  is  continuing  in  the  development  of  all  types  and  arrange¬ 
ments.  The  historical  review  presented  herein  will  describe  briefly  the 
elements  of  the  various  systems,  their  development  and  performance 
characteristics,  and  some  of  the  aotual  craft  that  hava  baen  built  and 
oparatad  utilising  hydrofoils . 
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NOTATION 

L  length  of  hull  In  ft 

R  resistance  In  lb 

W  total  weight  in  lb 

A  total  weight  in  tons 

V  speed,  usually  in  knots 

L/D  lift  over  drag  ratio 
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2.  MULTIPLE-FOIL  LADDER  SYSTEMS 


1 

At  the  turn  of  the  century  (1898  to  1908)  Forlanlni^  was  ex¬ 
perimenting  with  multiple  foil  systems  attached  to  the  sides  of  a  boat 

/  mi  i  e  %  _  x  _  4*  i  n—  J  —  J  _ . _ .v. -  ii-  .  .n - ■»»<-.  n.  . 

yxigUTS  lel;«  S«C?i  Sou  Cl  xGIjlo  io  owaunou  untf  «uuife  ou«  u oixei'  hivm  uub 

runga  of  a  ladder,  losing  supporting  area  as  the  unit  emerges  from  the 
water  and  gaining  submerged  area  if  it  becomes  more  deeply  immersed. 

A  natural  type  of  height  stabilisation  is  thus  provided.  By  combining 
two  such  systems,  one  at  each  side  of  the  boat,  lateral  stability  is 
readily  obtained.  By  arranging  two  or  more  units  in  tandem  fashion, 
longitudinal  stability  is  also  provided.  This  multiple -point  method 
of  stabilisation,  preferably  at  three  points,  is  also  employed  in  most 
of  the  later  designs  of  hydrofoil  craft.  -  Forlanini's  (and  Crocco's) 
boats  seem  to  have  been  in  the  neighborhood  of  1.5  tons  and  75  H F, 
reaching  maximum  speeds  in  the  order  of  U5  knots. 


Between  1908  and  1918,  Guidoni1  utilizing  Forlanini's  results, 
applied  sets  of  V-shaped  multiple  foils  to  seaplane  floats  (Figure  1.1) 
in  order  to  facilitate  their  take-off.  He  and  his  associates  In  the 


Italian  Navy  successfully  onerated  more  than  ten  different  seaplanes 
between  lUOO  and  55,000  lb  total  weight,  with  between  60  and  3?0Q  HP. 
The  average  foil  leading  in  this  development  was  in  the  order  of  1;00 
or  500  lb/ft^  total  projected  foil  area.  Reportedly,  take-off  as  well 
as  landing  on  the  "hydro  vane  s’1  was  very  smooth  and  in  this  respect 
preferable  to  the  heavy  pounding  on  ordinary  planing  floats.  Guidoni 
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The  maximum  flying  speeds  of  the  airplanes  involved  at  that  time 
were  only  60  to  130  mph.  The  Italian  development  evidently  came  to  an 
end  when,  even  in  taking  off,  the  aircraft  speeds  grew  into  one  class 
higher  than  those  of  water  craft.  Cavitation  and  ventilation  must  have 
pored  problems  which  could  not  be  overcome.  Nevertheless,  references  2 
to  *>  prove  that  interest  and  experimentation  in  hydrofoils  as  a  means 
of  assisting  aircraft  in  take-off,  were  resumed  from  time  to  time. 

Experiments  with  multiple  or  ladder-type  hydrofoil  systems  were 
later  repeated  in  Canada.  A  5  ton  craft  designed  by  Baldwin  was  built 
and  tested  around  1918  by  Alexander  Graham  Bell’s  research  group  on  a 
lake  in  Nova  Scotia.  Propelled  by  a  pair  of  aircraft  engines  and  air¬ 
screws,  the  craft  reached  70  mph»60  knots  (probably  in  smooth  water). 
The  Bell-Baldwin  craft  had  an  appearance  similar  to  an  airplane,  with  a 
cylindrical  fuselage  and  stub  wings  supporting  engines  and  lateral  foil 
units.  For  illustrations  of  this  design  see  references  6,  2?  or  27. 

Another  multiple-foil  motor  boat  was  designed  and  built  around 
19U2  for  NACA^**.  Arrangement  and  appearance  appear  to  be  similar  to 
the  Canadian  craft  described  in  the  next  paragraph.  No  results  seem 
to  be  reported,  however,  on  the  NACA  boat. 

The  Canadian  Ifavy?  recently  constructed  a  hydrofoil  boat  in  th 
order  of  *>  tons.  The  configuration,  typical  of  the  jm.iltl.ple -foil 
principle,  is  presented  in  Figure  1.2.  Tested  in  waves  between  1  and 
2  ft  height,  the  minimum  resistance  of  2 0%  (Figure  1.3)  is  higher  than 
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CANADIAN  MULTIPLE-HYDROFOIL  BOAT  R-IOO  (REF.7J; 
FULL-SCALE  TRIAL  RESULTS  IN  I  TO  ?.FT  WAVES. 


FIGURE  1.3 


the  Bell-Baldwin’s  optimum  smooth-water  value  (which  can  be  derived 
from  reference  6,  as  in  the  order  cf  lli'i!).  At  any  rate,  because  of 
interference  between  foils  and  supporting  struts  and  possibly  because 
of  ventilation,  the  efficiency  of  the  ladder- type  hydrofoil  system  is 
generally  low.  Disregarding  this  aspect,  the  Canadian  boat  has 
successfully  operated  at  hirh  speed  in  rourh  waters,  rhoiopraphs  of 
this  craft  are  presented  in  reference  27. 


gc”yTDr:nAT, 
i  -  1.10 


HISTORICAL  DEVELOPMENT 


CONFIDENTIAL 


A  more  modern  multiple  design  (using  V-shaped  foils  is  the  boat 
designed  by  John  H,  Carl  4c  Sons  .  A  12  ft  model  of  the  53  ft  craft 
is  shown  in  Figure  l.U.  Employing  one  central  strut  for  each  of  the 
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12-FOOT  MODEL  OF  CARL’S  HYDROFOIL  BOAT  (REF.  8),  AT  25MPH. 


FIGURE  1.4 


foil  units,  the  number  of  corners  ie  effectively  reduced.  The  struts 
are  raked  and  the  foils  are  swe^t  hack,  to  reduce  ventilation.  The 
Carl  boat,  originally  designed  for  33  tons,  has  been  built  and  tested 
in  half  sca?e  siae  with  a  displacement  of  somewhat  more  than  6  tons. 
Figure  1.5  ahows  a  calm-water  minimum  resistance  ratio  of  13%  tor  the 
53-foot  craft.  The  maximum  speed  obtained  with  a  pair  of  !j50  HP  air¬ 
craft  engines  and  air  propellers  is  between  70  and  80  knots,  photo¬ 
graphs  of  this  craft  are  presented  in  reference  27. 
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RESISTANCE  RATIO  OF  CARL'S  BOAT  (REF.  8). 
FIGURE  1.5 


CONFIDENTIAL 


HISTORICAL  DEVELOPMENT 


3.  SURFACE-PIERCING  FOILS 


Another  means  of  stabilization  is  by  surface-piercing,  V-shaped 
foils.  Upon  varying  the  depth  of  submergence  of  such  foils,  their 
lifting  area  increases  and  decreases,  respectively,  automatically  pro¬ 
viding  height  stabilization.  Because  of  the  V-shape,  these  foils  can 
also  have  lateral  stability  of  their  own.  Combining  one  such  foil  with 
a  small  stabilizing  foil  attached  to  the  stern  of  a  boat  can,  therefore, 
result  in  a  stable  configuration,  such  as  Tist Jens'  design1***1^ 

The  first  example  of  a  surface-piercing  V-shaped  foil  deems  to  be 
Oroeoo's  design,  illustrated  in  Figure  1.1.  Ouidoni  adopted  this  shape 
In  his  multiple  system. 

Tietjens,  a  German  aerodynamic 1st,  demonstrated  small  boats  (in  the 
order  of  20  ft  in  length  and  up  to  2h  knots  in  speed)  on  the  Delaware 
River  in  1932  end  in  Berlin  in  1936.  -  During  the  last  war  his  single 
»Y»-foil  design  was  employed  in  building  a  larger-size  boat  for  the 
Oerman  Navy  at  the  Vertens  Boatyard1*,  Today,  Vert# ns  is  producing 
hydrofoil  boats  in  aevaral  sties,  designed  to  tha  same  configuration. 

One  of  them  le  ehown  in  Figure  1.6, 

Von  Bohertel1^  etarted  hie  work  on  hydrofoil  boata  in  192?  using 
•urfaee-piereing  "V"  foile.  By  193?  he  had  completed  8  experimental 
boats.  Ha  than  started  development  of  a  larger,  pa»e*ng«r-earrylng 
boat  for  the  KSln-DSassldsrf  Rhein-Sohiffahrts  Oesselaehaft,  ending 
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VBRTENS  (REFS.  15  AND  25). 

FIGURE  1.6 


with  a  32  ft  demonstration  boat  In  1939  of  50  HP  and  29  knots.  During 
the  last  war  In  conjunction  with  the  Sachsenberg  Shipyard,  Schertel 

designed,  built  and  tested  8  or  more  boat  types  (a  total  number  of 

\ 

boats  about  twice  that  number)  for  t*  o  "’man  Navy.  This  development 
was  intended  to  lead  to  the  perfection  of  Schnellboats  (the  German 
equivalent  of  PT  boats)  for  service  in  the  English  Channel.  The  boats 
had  lengths  up  to  100  ft  and  displacements  up  to  80  tons,  most  of  them 
having  vmax  *  U2  to  1(8  knots.  An  example  is  shown  in  Figure  1.7.  The 
Sketch  in  Figure  1.8  illustrates  the  tandem  arrangement  typical  of 
this  development.  The  Figure  also  presents  some  tank -model  results 
demonstrating  resistance  ratios  in  the  order  of  9f.  Ventilation, 
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cavitation  and  rough  watar  had  appreciable  influence,  however,  upon 
performance,  behavior  and  stability  of  the  full-sise  craft. 


17-TON  SCHERTEL-SACHSENBERG  BOAT  VS-6. 

FIGURE  1.7 


A 8  far  as  else  and  speed  are  concerned,  Tietjens1^  and  Schertel16 
concluded  that  on  a  resistance  basis,  hydrofoil  boats  are  superior  to 
displacement  craft  above  a  certain  Froude  number,  thus  favoring 
higher-speed  and  emaller-siae  applications. 

In  retrospect,  although  Schertel-Sachsenberg'a  efforts  advanced 
the  art  of  hydrofoil  design,  they  did  not  pass  the  trial  phase.  At 
the  termination  of  hostilities  in  19h£,  the  Russians  took  over  one  of 
the  Saehsenberg  boats  and  most  of  the  engineering  staff.  According 
to  reference  20,  they  now  have  a  staff  of  UOO  engineers  mostly  in  the 
Leningrad  area  engaged  in  the  design  of  hydrofoil  boats  to  be  used  for 
fast  communication,  as  submarine  chasers  (60  tons),  anti-aircraft 
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MOOEL-TEST  RESULTS  OF  THE  SCHERTEL- SAGHSENBERG  BOATS  VS  8  ANO  VSiO(REF.  16) 

PLOTTED  FOR  FULL-SCALE  DIMENSIONS  AND  SPEED. 

FIGURE  1.8 
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"cruisers"  (10h  tons),  and  landing-craft  with  speeds  up  to  >5>  knots. 
Data  of  boats  actually  built  in  Russia  are  not  known. 


Von  Schertel  continued  activities  in  Switzerland  after  the  war. 
The  Supramar  Corporation  on  Lake  Lucerne  developed  an  "excursion  boat" 
for  32  passengers1^.  This  boat  (Figure  1.9)  is  claimed  to  have  been 


in  service  for  thirty  or  forty  thousand  miles. 


f  9-TON  SCHERTEL  BOAT  ON  LAKE  LUCERNE. 

I  FIGURE  1.9 


*V*-«haped  hydrofoil  systems  have  experienced  some  difficulties 
when  turning,  partly  because  of  ventilation.  It  seems,  however,  that 
Tiet Jena  as  well  as  Schertel  have  overcome  this  difficulty  by  applying 
curved  foils  of  circular-arc  form  rather  than  V-shaped  foils.  Some 
of  their  boats  are  reported  to  bank  inboard  in  turn?. 
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It  is  also  possible  to  combine  3  or  li  single  V-foil  units,  thus 
afefeaSaia^  tft*  •fcafcfli.'ty  s!  »3-«r  k-wisft  system.  This  sai  dcna  hy 
Aha  Baker  Manufacturing  Company^-  in  Wisconsin.  Figure  1.10  shows 
an  arrangement  of  b  retractable  *v*  shaped  foils.  full-soaie 
resistance  results  (Figure  1.11)  clearly  show  superiority  in  per¬ 
formance  of  this  type  over  any  ladder-type  system. 


BAKER  BOAT  FOR  ONR  (REF.  21). 


FIGURE  1.10 
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In  STABILIZATION  BY  PLANINQ  DEVICES 


Another  means  of  stabilising  hydrofoil  craft  is  by  planing  skids 
located  at  both  sides  of  the  bow.  In  flying  condition,  the  height  of 
the  planing  surface  is  approximately  fixed  at  the  surface  of  the  water. 
Between  10  and  20*  of  the  boat’s  weight  is  carried  by  the  skids.  The 
main  foil,  located  aft  of  the  craft’s  CO  and  fixed  relative  to  the  hull, 
adjusts  itself  to  the  proper  angle  of  attack  as  the  hull  trims  about  the 
skids,  more  or  less  in  the  fashion  of  weatherooek  stability. 

The  described  system  may  be  named  after  its  original  designer, 
Orunberg^,  who  proposed  and  model-tested  such  a  craft  in  France  before 
1939*  Model-test  results  of  the  BACA10,  reproduced  in  Figure  1.12, 
show  a  minimum  ratio  in  the  order  of  lOJt*  In  this  system  as  well  as 
in  the  later  described  fully-submerged  types,  a  hump  in  the  fuction  of 

R  against  V  at  •take-off"  speed  is  quite  typical. 

\  .  • 

A  small  experimental  boat  was  built  and  tested  for  ONR  by  the 
Joshua  Bendy  Corp.  of 'California^  employing  Orunberg-type  stabilisation. 
It  was  found  that  the  planing  skids  add  considerably  to  the  resistance. 

Another  Qrunberg  configuration  is  the  21  ft  long  landing-craft  model 
built  by  Gibbs  &  Cox,  Ine.^  (Figure  1.13)*  In  testing  this  boat,  It  was 
found  desirable  to  have  10  to  20*  of  the  boat's  weight  on  the  skids. 
Planing  skids  art  actually  a  component  going  one  step  back  to  planing 
craft,  with  pounding  and  a  certain  amount  of  spray  involved.  Considerable 
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5.  FULLY  SUBMERGED  FOILS 

Fully-submerged  hydrofoils  cannot  give  sufficient  hydrodynamic 

stability  of  their  own.  We  may  assume  that  this  became  evident  in 

22 

Richardson-Aihlte •  s  experiments  with  a  dinghy  ..  1911  which  was 

equipped  with  submerged,  and  only  manually  adjustable  foils.  It  is 
possible,  however,  to  control  and  to  stabilize  a  fully  submerged  foil 
configuration  by  means  of  a  suitable  "artificial"  control  system. 

A  purely  mechanical  system  for  controlling  a  submerged  foil  system 
was  successfully  applied  by  Christopher  HookA  .  As  illustrated  in 
Figure  l.llj,  a  pair  of  floating  and/or  planing  "Jockeys"  "feel"  the 
water  surface.  The  jockey  motions  are  utilised  to  control  the  angles  of 
attack  of  fully  submerged  forward  foils.  Height  and  roll  stabilization 
are  obtained  in  a  manner,  which  for  each  front  foil,  is  similar  in  effect 
to  that  In  a  Orunbarg  configuration.  Again  the  rear  foil  follows  in 
"weathercock*  fashion. 

An  investigation  by  the  British  Admiralty^  calls  the  craft  "stable 
aa  a  church*  in  waves.  After  replacing  the  air  propeller  shown  in 
Figure  l.lli  by  a  convent ional  outboard  motor,  the  Hook  configuration 
appears  to  be  a  favorabla  design  in  smaller  sizes.  The  minimum  resist¬ 
ance  ratio  plotted  in  the  graph  could  be  improved  by  increasing  the 
aspect  ratio  of  the  foils. 
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NOTES  TO  DO  THE  HOOK  DESIGN  JUSTICE,  AN 

estimated  amount  OF  A(R/W  *  ^4lts 

HfcS  BEEN  SUBTRACTED  FROM  THE  ORIGINAL  RcoULTS, 


Ltwu,*  *  Ft 
W  *  6.8  Lt 
#/i  *18  L8/tt* 


FT/SEC 


MtfiULTS  OF  A  TOWING -TANK  MODEL  INVESTIGATION  |REF.I3>  OF 
RESULTS  OF  A^TO  ^  HYOROFIN  BOAT  (REF.I2). 


FIGURE  1.14 
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Another  means  of  controlling  fully  submerged  foils  is. by  an 
electro -mechanical  control  system  similar  to  an  aircraft  autopilot. 

Such  a  system  was  developed  by  Gibbs  4  Cox,  Inc.  in  1952  and  tested  in 
combination  with  a  tandem-hydrofoil  configuration  (Figures  1.15  and  1.16). 

As  described  in  reference  23,  the  level  of  the  water  surface  is 
sensed  by  a  series  of  electrical  contacts  on  a  pair  of  "struts'*. 

Through  a  series  of  relays,  electrically  driven  actuators  are  positioned, 
thus  adjusting  the  angles  of  attack  on  suitable  parts  of  the  foil  system. 
Several  arrangements  were  investigated  in  this  wayt 

a.  Controlling  all  of  the  forward  foil  and  the  two  halves  of 
the  rear  foil. 

b.  Controlling  the  two  halves  of  the  forward  foil  and  all  of 

the  rear  foil* 

e.  Controlling  the  two  halves  x\*wai*d  and  only  trimming  the 
rear  foil  as  needed. 

The  last  type  of  control  is  basically  identical  to  Hook's  mechanical 
system  of  actuating  a  pair  of  forward  foils.  All  of  the  arrangements 
listed  provide  control  in  height,  pitching  and  rolling  (also  in  turns). 
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Fully  submerged  folia  may  be  expected  to  give  the  smoothest  ride 
In  a  seaway.  The  advantage  of  an  electrical  system  lies  in  the  re¬ 
finements  that  can  be  added  by  using  gyroscope-corrtrol  elements  in 
association  with  the  water-level  sensing  system  to  provide  a  variable 
control  range  and  a  craft  behavior  which  is  superior  to  that  of  hydro- 
dynamically  stabilised  craft.  Automatic  control  appears  to  be  optimum 
for  lerger-sise  hydrofoil  boats.  Figure  1.17  shows  favorable  resist¬ 
ance  characteristics  of  the  Oibbs  &  Cox,  Inc.  experimental  craft 
(Figures  1.15  and  1.16). 

Another  design  utilising  submerged  foils  is  that  of  the  Hydrofoil 
Corporation^,  tested  in  19!>U.  Figure  1.18  shows  this  boat  underway. 


10 -TON  EXPERIMENTAL  BOAT  BY 
HYDROFOIL  CORPORATION  (REF.  25). 

FIGURE  1.18 
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6.  QENERAL  DISCUSSION 

Discussions  of  ths  hydrofoil  development  have  been  presented  in 
references  16,  22  and  2$.  In  these  publications  and  in  reference  27, 
there  are  also  additional  photographs  showing  many  of  the  boats 
mentioned.  Some  general  analysis  of  their  characteristics  can  be  given. 

Examination  of  the  boats  listed  in  the  Table  on  the  following  page 
shows  that  most  of  those  designs  have  a  "Proud.,  number"  Vknots/ 

,  in  the  order  of  30,  although  the  Canadian  multiple-foil 
boats^*^  are  in  the  order  of  kS,  All  known  boats  are  below  100  tons 
of  displacement. 

Considering  the  resistance  ratios  plotted  in  the  preceding  graphs 
(and  other  information),  the  following  generalized  groups  of  hydrofoil 
boats  may  be  listed.  Essentially,  this  list  is  chronological j  and  it 
shove  a  decrease  of  resistance  and  an  i, 'treses  in  efficiency  with  time. 


Type  of  System 

Footnote 

(R  AO  min 

(l/D)max 

Multiple 

<\> 

16* 

6 

Grunberg 

(b) 

11* 

9 

Piercing 

(° 

9% 

11 

Submerged 

(d) 

8* 

13 

Average  minimum  resistance  ratios  are  estimated  for  smooth  water, 
including  propulsion  parts. 

(a)  Results  in  Figure  1,3  (with  20*)  were  tested  in  waves. 

(b)  Only  test  results  on  incomplete  models  are  existing. 

(c)  At  maximum  speed,  th#  full-scale  value  may  be  higher. 

(d)  Gibbs  fc  Cox  found  6*  without  propulsion  parts, 
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TABLE,  LISTING  A  NUMBER  OF  ACTUALLY 
BUILT  AND  TESTED  HTDROFOIL  BOATS 


Design 


Reference  Year  Tons 


kft  I  ^knot-s 
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Considering  in  the  presented  illustrations  the  tested  functions  of 
resistance  as  a  function  of  speed,  the  Baker  boat  shows  some  increase  of 
the  (R.AO  value  beginning  approximately  at  28  knots  (possibly  because  of 
ventilation).  The  Canadian  boat  has  similarly  a  critical  speed  at  35 
knots  (probably  beoause  of  oavitation).  The  fact  that  Sachsenberg  boats 
have  reached  maximum  speeds  up  to  50  knots  and  the  multiple-system  boats 
up  to  80  knots,  can  only  be  understood  by  assuming  that  this  was  achieved 
in  ventilating  and/or  cavitating  condition. 

Unlike  speed  performance,  stability  and  behavior  characteristics 
cannot  be  quoted  in  numbers.  In  a  general  way  it  may  be  said,  however, 
that  all  "V"  foil  systems,  ladder-type  foil  units,  Orunberg  skids,  and 
incidence  control  systems  have  certain  satisfactory  characteristics. 
Statements  on  the  smoothness  of  riding  on  foils  in  rough  water  are  found 
in  various  reports.  Therefore,  higher  sustained  speeds  are  expected 
from  hydrofoil  boats. 

Some  of  the  surface -piercing  types  seem  to  have  trouble  because  of 

ventilation  breaking-in  along  the  piercing  ends,  especially  in  turning. 

With  regard  to  turning,  Sohertel  reports  turning  circles  of  between  3 

and  7  times  the  boat  length  (of  53  ft)  for  his  17-ton  VSO  boat.  Oibbs 

2ii 

&  Cox's  1952  research  craft  made  turns  in  the  order  of  li  or  5  times 
its  20  ft  length. 

Also,  at  certain  unfavorable  speeds,  following  seas  ran  be  trouble¬ 
some.  Orbital  motions  combine  with  the  forward  speed  in  this  case,  cr 
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that  the  foil  has  the  tendency  of  flying  out  of  the  water.  Subsequently, 
the  foil  may  stall,  and  the  boat's  hull  may  sit  down  onto  the  water. 
Schertel^  reports,  however,  that  his  80  ton  boat  VS8  performed  very 
well  at  all  headings,  traveling  at  37  knots,  in  a  6  by  120  ft  seaway. 
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INTRODUCTION 


Gross  weight  and  speed  are  basic  quantities  which  determine  to 
a  large  extent  the  function  of  a  vehicle.  These  quantities  are 
inter-related  as  a  result  of  the  performance  and  component-weight 
characteristics  of  the  craft.  This  means  that  machinery  must  be 
available  on  a  weight  basis  to  give  the  power  required  for  a  certain 
speed;  There  are  other  physical  principles  which  influence  size  or 
speed,  such  as  foil  area  requirements  and  cavitation.  These  are 
discussed  and  some  relationships  derived.  The  latter  are  used  in 
conjunction  with  the  results  of  certain  hydrofoil  design  studies 
to  compare  hydrofoil  craft  with  existing  craft  on  a  size-speed  plot. 
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NOTATION 


drag  or  resistance 
weight  in  lb,  possibly  ■  L 
dynamic  lift  (also  length  of  hull) 
displacement  in  long  tons 
lift -drag  ratio 

effective  power  (in  lb  ft/sec) 
effective  horsepower 
shaft  horsepower 

■  EHP/SHP  -  propulsive  efficiency 
»  q  L/D  ■  overall  efficiency 
endurance  in  hours 

range  in  nautical  miles 
planform  area  of  foil  sytem 
speed  (in  ft/eec)  , 

density  of  water  (?ib  secvft*1) 

■  0.5^v2  -  dynamic  pressure 

■  L/qS  ■  lift  coefficient 
•  D/qS  •  dreg  coefficient 
foil  span 

thickness  ratio  of  foil  section 

■  b2/s  ■  foil  aspect  ratio 
length  of  hull  (also  lift) 
beam  of  hull  in  ft 

draft  of  hull  in  ft 
blook  coefficient 

weight  fraction  (v^th  proper  subscript) 
weight  fraction  for  machinery  and  fuel 


Subscripts  t 

F  for  foil  system 

h  for  hull 

m  for  machinery 

f  for  fuel 

p  for  payload 

k  indicating  knots 
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I.  SPEED -POWER -WEIGHT  RELATIONSHIPS 


A  craft  moving  at  the  speed  V  (ft/sec)  and  experiencing  a  drag 
D  (in  lb)  requires  a  eertain  effective  power  delivered  by  the 
propellen 

* 

P(lb  ft /see)  -  DVj  EHP  -  DV/550  -  DVk/326  (2.1) 

where  EHP  is  the  effective  horsepower.  This  relationship  may 
be  written  in  terms  of  the  shaft  horsepower  3HP  delivered  at  the 
machinery,  by  introducing  the  overall  propulsive  efficiency  rj, 
which  is  meant  to  include  mechanical  as  well  as  hydrodynamic 
losses,  thus  ij  ■  BHP/SHP.  The  above  expression  (2.1)  then 
becomes! 

,SHP;  4  «  6.88  (2.2) 

r.  - . -  y  _  _  .  y 

i  A) 

Where  A  *  displacement  in  long  tons 
Yk  ■  speed  in  knots 

Z/D  ■  lift -drag  ratio 

This  then  gives  the  power  required  to  drive  a  craft  of  the  displacement 
A  and  with  the  efficiency  described  by  (L/D),  at  the  steady  speed  Vk. 
nils  expression  is  a  general  one,  applicable  to  any  condition  of 
speed  and  load  -  indicating  the  power  required  for  the  conditions 
considered. 
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The  power  required  to  be  installed  in  the  craft  will  be  that 
corresponding  to  maximum  speed  and  full  load  condition,  i.e. 

(SHP)/A)  req’d  -  Vk  (2-3) 

E 

where  the  notation  "E*  -  "overall"  efficiency  -  rj  (L/D)  has  been 
introduced  for  simplicity,  n  and  L/D  being  those  values  corresponding 
to  maximum-speed  and  full-load  conditions.  A  chart  has  been  prepared 
(Figure  2.1)  on  the  basis  of  this  expression,  which  allows  the  selection 
of  power  for  a  given  speed  and  overall  efficiency  "E".  Statistical  evidence 
is  included  in  the  graph,  taken  from  the  Table  on  page  1.30  of  Chapter  1, 
indicating  B  values  for  actually  built  hydrofoil  boats  between  1*  and  6, 
at  speeds  between  10  and  iiO  or  50  knots.  At  speeds  above  $0  knots, 
cavitation  evidently  affects  the  efficiency  (directly  and/or  indirectly), 
thus  reducing  the  overall  efficiency  to  the  order  of  2  or  3. 

It  should  be  emphasized  that  the  expression  (2.3)  refers  to  a 
specific  condition  in  a  particular  desitrr.  This  means  that  variation  of 
load  or  speed  implies  designing  of  a  new  craft  for  the  new  conditions 
selected. 

The  use  of  the  lift-drag  ratio  appears  to  be  very  convenient  as  a 
parameter  to  express  the  hydrodynamic  qualities  of  the  craft.  The 
frictional  drag  (in  lb)  of  a  displacement-type  ship  varies,  approximately 
as  the  aquare  of  the  speed}  because  of  wave  making  (as  a  function 
of  Froude  number)  it  may  also  grow  corresponding  to  a  power  higher  than 
two.  Thus,  the  lift -drag  ratio  is  at  least 
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[1  times  f(Froude  number  and  hull  shape)] 

i  V?  J 


(2.U) 


On  the  other  hand,  in  the  case  of  an  aircraft  or  hydrofoil  craft  (or  a 
fast  planing  boat),  the  lift  Is  due  to  dynamic  pressure  on  the  lifting 
surface  (wing  or  bottom).  Both  lift  and  drag  depend  accordingly  on 
the  square  of  the  speed.  Therefore  the  lift-drag  ratio  for  equal  design 
conditions  (i.e.  maximum  speed,  full  load)  and  for  designs  of  the  same 
aerodynamic  cleanness,  is  substantially  constant.  Thus,  for  such  craft, 
the  quantity  E  ■  ij  (L/D),  which  includes  the  propulsive  efficiency, 
is  a  good  measure  of  the  overall  performance}  and  this  quantity  should 
not  vary  between  similar  designs  to  any  great  extent. 

To  sum  up,  the  power  required  to  be  installed  in  a  craft  may  be 
found  by  a  simple  relationship  (2.3)  depending  upon  full  load,  maximum 
speed  and  "overall  efficiency"  E,  the  latter  being  substantially  constant 
between  similar  designs  of  high-speed,  dynamically  supported  craft. 


DESIGN  EXAMPLE  NO.  2.1 

What  is  the  SIP  required  to  propel  a  hydrofoil  boat  of 
A  ■  $0  tons  at  a  speed  of  V  ■  1*0  knots?  Assuming  a  lift-drag 
ratio  L/D  ■  10  and  a  propulsive  efficiency  q  *  0.5,  the  overall 
efficiency  is  found  to  be  E  -  0.5  10  -  5.  Entering  the 
graph  (Figure  2.2)  at  V  ■  1»0  knots,  the  specific  power  required 
is  found  to  be  (SHP/A)  -  55,  for  2  •  5.  The  needed  power 
is  then  55  50  -  2750  SHP. 
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b.  Available  Power 

Disregarding  limitations  of  machinery  due  to  permissible  space, 
the  power  available  (i.e.  possible  to  be  installed)  in  a  craft  of 
certain  basic  characteristics,  depends  upon  the  margin  of  weight  left 
over  for  machinery,  and  upon  the  specific  weight  of  the  machinery. 

To  illustrate  this  dependence,  a  breakdown  of  the  weight  components 
of  water  craft  is  made  as  follows* 

"Hull"  weight  denotes  the  built  weight  of  the  craft  excluding 
machinery  items,  but  including  equipment,  outfit,  fittings, 
hull  engineering,  etc.  This  weight  component  also  includes  the 
crew  and  their  effects  and  the  stores.  In  this  analysis,  it 
shall  also  be  understood  to  include  the  (foils  +  struts)  in 
hydrofoil  craft. 

"Machinery*  includes  all  items  required  to  propel  the  craft,  such 

\ 

as  main  engines,  machinery  foundations,  auxiliaries,  transmission, 
shafting,  propellers,  etc.  Liquids  that  are  not  consumed,  are 
included  too. 

"Fuel*  means  the  total  weight  of  fuel,  including  lubricating  oil 
and  water  consumed.  However,  excess  fuel  carried  for  the  return 
voyage  should  be  considered  as  "Fayload"  (below). 

"Payload"  is  the  total  "useful” load  carried  by  the  craft,  i.e. 
cargo,  passengers,  mall,  etc.  but  not  the  crew  etc.  required  to 

CONFIDENTIAL 

I  -  2.8 


CONFIDENTIAL 


SIZE  AND  SPEED 


operate  the  craft.  In  a  military  craft,  the  armament, 
ammunition  and  extra  craw  required  for  such  purposes  are  con¬ 
sidered  as  payload  too. 

There  are  some  marginal  items  difficult  to  put  in  one  group  or 
another  -  common  sense  must  be  used  to  place  these  items.  All  the 
weight  items  must  be  included  in  one  of  the  four  groupings,  since 
their  sum  must  be  equal  to  the  full -load  displacement. 


The  following  assumptions  are  made  as  to  the  primary  functional 
dependence  of  the  items  on  the  primary  variables* 


where 


"Hull" 

"  kh 

"Machinery” 

V* 

rw  Is HP\ 

22liO  'S/installed 

>  (2.5) 

"Fuel" 

Va 

•  cT  (SHP} 

22liO\5~ /installed 

"Payload" 

A/A 

-  k  ' 

P 

S 

A 

with 

(SHP/A)  installed 
m 
e 
T 


■  gross  weight  in  long  tons 
subscripts  as  above 

■  specific  SHP  installed 

•  machinery  specific  weight  Ib/SHP 

•  overall  fuel  rate  lb/SHP  per  hour 

■  endurance  (full  power)  hours 


"k"  indicates  weight  fractions  which  -  along  with  "re”  and  "c" 


CONFIDENTIAL 


I  -  2.9 


CONFIDENTIAL 


SIZE  AND  SPEED 


are  constants  in  a  particular  design.  The  sum  of  those  weight 
fractions  must  be  equal  to  unity,  giving  a  relationship  between  the 
variables  as  follows i 

IX  m  ■  1  -  kh  -  kD  -  f^P^^inst ailed  (m  +  cT)  (2.6) 

r  p  - 5JJJ5 - 

Some  numerical  values  for  the  weight  fraction  kh  are  given  in 
Appendix  "A*.  Assuming  that  the  fractions  kh  and  kp  have  been  fixed, 
there  remains  the  fraction  of  the  gross  weight  p  *»  (1  -  kh  -  kp)  as 
indicated  in  equation  (2.6)  -  available  for  fuel  and  machinery. 
Considering  a  certain  type  of  engine  with  certain  values  of  "m"  and 
*e'»  and  considering  a  fixed  high-speed  endurance  T,  the  maximum  power 
possible  to  be  installed  under  these  conditions  is  then* 

( SHP/A  )  available  -  22i{0  .  fi/( m  +  cT)  (2. 7) 

Values  of  "m**  and  "e*  for  typical  engines  are  also  given  in  Appendix 
WAW.  The  quantity  (m  +  cT)  is  seen  to  be  an  effective  specific 
weight  of  the  machinery,  including  the  fuel  for  a  given  endurance. 

If  ttte  range  instead  of  the  endurance  is  specified,  the  relationship 

T  •  RAfc  (hours)  (2.8) 

may  be  used,  where 

R  “  range  at  Vjj  in  nautical  miles 
■  maximum  speed  in  knots 
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It  should  be  noticed  though  that  the  speed  V  is  not  a  basic 
quantity  In  establishing  (SHP/A)  available. 

A  chart  has  been  prepared  (Figure  2.2)  illustrating  the  above 
relationship  (equation  2.7)  as  well  as  the  required  power  (equation 
2.3).  This  chart  may  be  used  to  block  out  a  certain  design,  i.e.  by 
equating  the  required  power  to  the  available  power,  thus: 

22hO  £  -  SHP  6.88  Vk  ( 2 

m  +  cT  T  E 

It  should  be  noted  that  in  using  basic  engine  information 
(such  as  given  in  Chapter  3),  weights  for  shafting,  propellers  and 
other  component  parts  of  propulsion  have  to  be  added  before  entering 
the  value  "mw  into  any  calculations.  A  design  example  Is 
presented  fo~  illustration. 
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EQUATIONS  2  3  AND  2  T> 

2240  ji  SHP  6.88 

m+c  fVv« =  a  =  e  Vk 


REQUIRED  POWER  VERSUS  AVAILABLE  POWER 

FIGURE  2.2 
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DESIGN  EXAMPLE  NO.  2.2 


(a)  What  ia  the  payload  of  the  craft  considered  in  Example  No. 2.1, 
on  the  basis  of  a  specified  range  of  300  miles?  -  Traveling  at 
the  maximum  speed  of  hO  knots,  the  endurance  is  found  in  the 
lower  right-hand  part  of  the  graph  (Figure  2.2)  in  the  order  of 
T  -  7.5  hours.  Fbr  the  characteristics  (m  and  c)  of  the  particular 
machinery  involved,  a  line  can  be  drawn  in  the  lower  left-hand 
part  of  the  graph.  Two  such  lines  are  shown  as  examples. 

Assuming  now  a  "typical  gas  turbine",  it  is  found  that  (m  +  cT)»  10. 
For  this  value  and  for  a  value  of  SHP/A  "  55  (as  in  Example  No. 2.1) 
the  upper  left-hand  part  of  the  graph  indicates  a  weight  fraction 
for  (machinery  +  fhel)  of  p  2h%.  The  payload  fraction  is  then 
k_  «  1  -  k  -  p.  For  an  assumed  hull-weight  fraction  of  kh  »  O.U, 
the  available  payload  fraction  is  then  kp  »  1  -  O.h  -  0.2h  -  0.36j 
and  the  payload  is  Ap  ■  0.36  50  ■  18  tons. 


(b)  What  is  the  range  of  the  craft  considered  for  a  specified 
payload  of  10  tons,  which  is  equivalent  to  k_  -  0.2?  -  For 
the  hull -weight  fraction  ku  -  O.h,  the  weight  fraction ji  -  1  -  O.h 
-  0.2  ■  0.1*.  Combining  this  value  with  the  value  of  55  SHP/ton 
in  the  upper  left-hand  part  of  Figure  2.2,  the  value  (m  +  cT)  « 

16  lb/HP  is  obtained.  Using  the  gas-turbine  line  in  the  lower 
left-hand  part,  the  available  endurance  1b  found  to  be  T«?l6  hours. 
Using  however,  a  compound  engine  (as  given  in  the  graph),  the  endurance 
is  in  the  order  of  21  hours.  A  similar  variation  of  endurance 
(or  range  and  payload)  can  also  be  found  if  comparing  a  heavier  but 
more  efficient  Diesel  engine  (with  c  v  O.it)  with  an  average 
gasoline  engine  (having  c  «»0.6).  Combining  now  T«  21  hours 
with  the  speed  of  iiO  knots,  a  range  is  obtained  in  the  order  of 
R  •»  ®50  miles. 
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c.  Maximum  Spaed 

By  equating  the  SHP  required  for  a  certain  speed  (2.3)  to  the 
available  power  on  a  weight  basis  (2.?),  a  relationship  can  be  derived, 
giving  the  maximum  speed  for  a  craft  having  a  certain  performance, 
certain  weight  characteristics  and  a  specified  engine  -  depending  on 
the  endurance t 

vkmax  *  326  E  +  cT)  (2.10) 

A  similar  function,  depending  on  the  range,  is* 

W  -  326  -5L-  =  R/m  (2.11) 

It  is  seen  that  there  is  no  direct  influence  of  size  on  speed.  The 
only  connection  between  the  two  arises  when  size  affects  one  of  the 
"constants1*  (li  f*,  m,  etc.)  in  (2.10)  or  (2.11)  above  (as  it  actually 
does).  Also,  it  should  be  noted  that  tir*  range  too,  is  essentially 
independent  of  sise  for  a  given  speed.  In  fact,  the  only  reason 
why  larger  displacement  craft  have  higher  ranges  than  smaller  ones 
is  the  beneficial  decrease  of  the  Froude  number  with  increasing  size 
at  fixed  speed,  which  increases  the  efficiency  E.  This  is  not  true  of 
hydrofoil  craft,  however.  One  should,  therefore,  not  expect  increases 
in  range  or  speed  as  the  sise  is  increased. 
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2*  influence  of  mmcAL  sig 

4*  $2*L  v«rsus  Foil  Dimenainna 

One  fundamental  characteriatic  of  hydrofoil  craft  ie  due  to 
the  requirement  that  th.  craft  be  aupportad  buoyantly  by  the  hull 

*•"  “  ”St'  “  "*n  *»  *  lift  of  the  foil  ay, tern  in 

Hying  condition.  ».  implication,  of  thl,  etatement  ere  developed 
in  thi.  dl.oua.ion  from  th.  ba.io  lift  mechaniam  i„  ,.ch 

Th.  lift  of  th.  foil  eyet.m  depend,  upon  foil  area,  lift 

coefficient,  and  dynamic  pressure  0.5  x>  V2  Th* 

°  $  v  •  The  foil  area  required 

to  support  the  weight  of  the  craft  is  therefore, 


3  - 


o.5  p  v2  Ci 


7 90  A 

cl\2 


(2.1 2. 


where  s  -  total  foil  area  (k2) 

V  -  density  of  water  (lb  secVffc1*) 
v  •  speed  -  ft/see 

\  *  speed  -  knots 

CL  *  coefficient 
w  *  weight  -  lb 

A  •  weight  -  tons 

The  foil  area  smv  be  *ynnt...j  t.~ 

sxp__3e^  by  the  aspect  ratio  and  the 

maximum  foil  span  »bw  with  a  fartnr  t-  + 

-  „  lactor  k  to  represent  any  aux-n<arv 

foil  area,  ~~  * 

comrrpCTTTAr. 
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S  -  k  b2/A 


(2.13) 


The  foil  span  required  for  given  speed  and  load  for  the  configuration 
to  be  studied  is  therefore* 

b  A  28.2  Al/2  jJ^2  (2.1fc) 

Ctl/2  k1/2  Vic 

The  buoyancy  of  the  hull  depends  on  its  submerged  volume  and  on 
the  unit  weight  of  the  water  (corresponding  to  35  ft^/ton).  The 
product  of  length,  beam  and  draft  required  to  support  the  craft  is 
therefore 


L  B  H  -  3  5  A/Cg 


(2.15) 


where 


L  *  length  between  perpendiculars  in  ft 

B  •  beam  between  perpendiculars  in  ft 

H  *  draft  in  ft 

Cg  *  block  coefficient 


Length  and  draft  of  the  hull  may  be  expressed  as  ratios  of  the 
beam,  giving  for  the  required  hull  beam* 


,  ■  3.g7(B/H)1/3  «1/3 


(2.16) 


Having  derived  relationships  for  the  foil  span  (2.11j)  and  the 
hull  beam  (2.155*  required  to  support  the  weight  of  the  craft,  an 
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expression  nay  be  written  which  describee  the  ratio  pf  this  typical 
foil  dimension  to  the  typical  hull  dimension i 


b  /  B  ■  8.6 


ttr  [» 


1/3  41/6 


i 

(2.17)  j 


The  first  bracket  describes  the  foil  system  geometry  (it  also  includes 
the  lift  coefficient).  The  second  bracket  describes  the  geometry  and 
the  proportions  of  the  hull.  The  term  (AX/6Ak)  represents  the 

effect  of  else  and  speed  on  the  foil-to-hull  dimension  ratio  (b/B).  This 

tern  is  the  inverse  of  a  Froude  number  (V./£l/6s  .  . 

'  k'**  )  based  upon  volume  or 

load,  respectively. 


The  expression  (2.17)  states  that  two  craft  of  different  size 
but  with  geometrically  similar  hulls  and  foil  systems  (and  employing 
the  same  lift  coefficients)  will  have  different  ratios  of  linear  foil 
dimensions  to  hull  dimensions,  unless  the  speeds  are  likewise  different 
In  thi  „*tio  of  the  one-sixth  power  of  their  displacement.  Since  such 
*  variation  is  not  compatible  with  powering  relationships  (Equation 
2.11  and  the  following  equations)  dictating  a  more  or  less  constant 
speed,  the  result  is  a  growth  in  the  foil  dimensions  in  comparison 
to  those  of  the  hull,  as  the  size  is  increased  in  a  given  type  of 
craft.  While  the  hull  and  foil-system  geometry  may  bo  adjusted  in 
order  to  delay  this  growth,  there  will,  nevertheless,  be  a  9izc,  for  a 
given  speed  or  power,  beyond  which  the  structure  of  the  whole  system 
and  especially  the  connections  between  hull  and  foil  system  (strata) 
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will  become  unwieldly  and  difficult  to  deaign.  Thia  mechanism  is 
illustrated  in  Figure  2.3.  It  is  indicated  there 

a)  in  the  upper  horizontal  line,  that  for  V  -  constant,  the 
foil  system  outgrows  the  hull  dimensions  upon  increasing 
the  size  A. 

b)  in  the  left  hand  vertical  column,  that  the  foil-system 
dimensions  shrink  (for  constant  hull  size),  upon  increasing 

the  design  speed. 

c)  along  the  diagonal  line,  that  a  constant  configuration  is 

obtained  upon  varying  size  and  design  speed  in  such  a  way 
that  the  Froude  number  is  kept  constant. 


An  important  consequenoe  of  growi^  foil  dimensions  is  the 

\ 

structural  weight  to  be  spent  in  building  them.  If,  for  instance, 
tentatively  assuming  that  the  weight  per  cubic  foot  of  foil  may  be 
constant  in  a  family  of  boats  .designed  for  a  certain  constant  speed 
of  operation  -  the  foil-system  weight  fraction  is  seen  increasing  as 

Wp/W  ~  W3/yw  *  A1^2  (2. 

This  relationship  means  vhat  the  foil-weight  fraction  doubles,  for 
example,  upon  increasing  the  size  of  the  craft  in  the  ratio  of  1  to  1. 

CONFIDENTIAL 
I  -  ?.l8 


FIGURE  23 


CONFIDENTIAL 


SIZE  \MD  SPEED 


Figure  2,lx  illustrates  the  variation  of  the  major  weight 
fractions  of  hydrofoil  boats  »s  a  function  of  size0  As  indicated  ,in 
Appendix  »AH,  the  hull-weight  fraction  (without  foil  system) 
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decreases  slowly  as  the  size  A  is  increased;  the  machinery-weight 
fraction,  on  the  other  hand,  seems  to  increase  slowly  with  the  size  A» 
at  constant  speed  -  if  disregarding  very  small  sizes.  Essentially,  the 
sum  of  the  two  components  may  be  regarded  to  be  constant.  The  foil- 
system  fraction,  however,  increases  considerably  as  pointed  out  above, 
as  the  size  of  the  hydrofoil  craft  is  increased.  Finally,  therefore 
a  critical  size  A  can  be  expected  where  the  weight  required  to  be  built 
into  the  foil  system  will  h e  .e  taken  away  all  of  the  components  which 
in  smaller  sizes  are  assigned  for  payload  and  fuel.  Naturally,  there 
are  ways  of  improving  the  design  and  reducing  somewhat  the  foil-system 
weight  below  the  assumed  relationships  of  Wp^(foil  volume).  Never¬ 
theless,  here  is  one  mechanism  which  contributes  to  a  size  limitation 
of  hydrofoil  craft. 

q.  Operational  Limits  on  Dimensions 

The  previous  section  describes  the  effect  of  size  on  the  ratio 
of  foil  to  hull  dimensions.  Disregarding  ary  ratio,  the  absolute 
foil-system  dimensions  as  such  may  present  operational  problems 
(docking,  etc.)  as  the  else  goes  up.  Appendix  "A"  gives  some  data 
from  design  studies  to  show  this  effect,  assuming,  of  course,  that  no 
provisions  have  been  made  for  retracting  the  foil  system.  It  appears 
that  the  limit  on  size  for  conventional  harbor  operation  may  be  found 
in  the  order  of  1000  tons.  This  is  not  necessarily  a  final  limit  on 
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size,  as  sows  different  type  of  operation  could  be  developed  (in  a 
way  similar  to  the  development  of  airports  in  aviation).  The  analysis 
illustrates,  however,  one  difficulty  encountered  in  large  hydrofoil 
craft,  i.e.  a  large  poorly-proportioned  structure. 

Other  operational  difficulties  may  be  encountered  with  respect 
to  coming  along  a  pier  or  another  vessel  (because  of  the  foil  span 
being  longer  than  the  hull  beam). 
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3.  INFLUENCE  OF  SPEED  ON  DESIGN 

Considering  next  the  effect  of  design  speed  upon  the  character¬ 
istics  of  hydrofoil  oraft  -  at  more  or  less  constant  displacement 
weight  -  we  will  first  disregard  any  influence  of  cavitation. 

a)  Machinery  Weight 

From  what  is  outlined  in  the  preceding  section,  it  is  understood 
that  the  foil  sise  required  (and  the  corresponding  weight  fraction) 
decreases  as  the  design  speed  is  increased.  Assuming  now  that  in 
doing  so,  the  resistance  ratio  D/L  remains  constant  (as  explained 
in  a  previous  section)  -  the  resistance  (in  pounds)  is  found  to  be 
independent  of  the  design  speed.  This  fact  is  favorable,  and  it 
makes  hydrofoil  boats  superior  to  displacement -type  ships  (within  , 
the  proper  range  of  Froude  numbers).  Increasing  the  speed  -  even 
though  without  increasing  resistance  -  makes  an  Increased  power 
output  necessary,  however. 

Increasing  the  power  means  increasing  the  machinery  weight. 
Therefore,  the  machinery-weight  fraction  is  bound  to  grow  (under  the 
conditions  stated  above)  as  the  design  speed  is  increased.  As 
illustrated  in  Figure  2,5,  there  will  be  a  critical  speed  at  which 
so  much  power  and  so  much  machinery  weight  is  required  that  nothing 
is  left  over  for  payload  and  for  fuel.  This  limiting  speed 
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b)  influence  of  Cavitation 

At  speeds  in  excess  of  some  35  knots,  cavitation  of  foils  or 
propellers  or  both  begins  to  become  a  problem.  As  far  as  the  foil 
system  is  concerned,  this  problem  may  be  attacked  in  two  ways. 

(1)  By  attempting  to  delay  the  onset  of  cavitation  by 
reducing  foil  loading  and  thickness  ratio.  This  implies 
a  less  efficient  system  due  to  lighter  loading,  as  is 
indicated  in  Figure  2.5. 

(2)  Accepting  the  situation,  a  fully-cavitating  system  of 
less  (but  reasonable)  efficiency  may  be  designed.  This 
means  possibly  a  jump  in  speed,  through  the  transition 
range,  to  avoid  erosion  due  to  collapsing  cavities  in 
this  range. 

At  any  rate,  although  cavitation  does  not  form  a  definite  barrier  to 
the  design,  the  point  of  incipient  cavitation  can  be  thought  of  as  a 
dividing  point  between  two  different  regimes  of  design.  Since  in 
most  cases  power  may  not  be  available  to  drive  the  craft  under  super- 
cavitating  conditions,  the  point  of  inception  may  in  the  present 
state  of  the  art  be  considered  as  an  upper  limit  on  the  speed  of 
non-cavitating  systems. 
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As  explained  in  the  cavitation  chapter  in  Volume  II,  the  speed 
of  incipient  cavitation  can  be  expressed  by  a  critical  value  of  the 
cavitation  number tf**p/q.  For  a  given  foil  section  and  a  specified 
loading  there  is  a  critical  cavitation  number  and,  therefore,  a 
maximum  dynamic  pressure  q  (corresponding  to  speed)  for  a  given 
static  pressure  p.  In  hydrofoil  operation,  the  latter  is  the  sum 
of  the  atmospheric  and  hydrostatic  pressures.  The  situation  is, 
therefore,  improved  by  any  increase  in  submergence,  although  not 
to  a  large  extent. 

Reference  3,  (reproduced  in  reference  1  and  in  Volume  II, 
Chapter  12)  shows  the  critical  speed  of  inception  for  various 
thickness  ratios  and  lift  coefficients  of  the  hydrofoil.  Since  a 
certain  minimum  thickness  ratio  t/c  is  needed  for  reasons  of 
structural  strength,  the  only  other  way  of  postponing  cavitation 
and  of  increasing  the  maximum  speed  of  hydrofoil  boats  without 
encountering  cavitation,  is  to  reduce  the  lift  coefficient.  This 
can  be  done  by  increasing  the  foil  area.  The  parasitic  resistance 
of  the  foil  system  (and  its  weight)  is  increased  in  this  way,  and, 
as  a  consequence,  the  critical  maximum  design  speed  as  mentioned 
before  is  reduced  below  the  theoretical  limit  In  non-cavitating 
flow  (see  Figure  2.5).  The  critical  speed  may,  therefore,  be  in  the 
vicinity  of  50  knots  if  pursuing  the  design  principle  of  avoiding 
cavitation. 
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Drag  coefficient  and  resistance  ratios  in  super-cavitating 
condition  are  higher  than  in  non-cavitating  flow.  Qualitative 
considerations  and  recently  published^  results  of  a  theoretical 
investigation  -  give  promising  prospects,  however,  suggesting  that 
by  applying  proper  camber  in  the  lower  or  pressure  side  of  the  foil 
sections,  hydrodynamic  efficiencies  may  be  obtained  which  are  not 
very  much  inferior  to  those  in  non-cavitating  condition. 

c)  Foil-System  Weight 

The  dependence  of  the  foil-system  weight  on  size  for  a  fixed 
weight  is  discussed  in  Section  2-b.  Following  the  same  assumptions 
(i.e.  constant  weight  per  foil  volume),  a  relationship  can  be  derived 
between  foil  weight  and  speed,  as  follows. 

The  required  foil  area,  on  the  basis  of  lift  coefficient,  load, 
and  speed  is  S  *  W/qC^  (2.19) 

The  volume  (and  therefore  the  weight)  of  geometrically  similar  foil 
systems  may  be  expressed  by  S3/2,  therefore  giving 


wF/w  -  s3/2/(/~  w1/2/v3 


where  V  ■  design  speed 

There  will,  of  course,  be  a  limiting  foil  loading  (in  lb/ft2)  which 
should  not  be  exceeded  because  of  cavitation.  Beyond  this  point, 
therefore,  the  foil  weight  required  may  be  constant  (be  independent 
of  speed). 
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The  main  speed-dependent  weight  components  are  foil  system  (Wp)  and 
machinery  (Wm).  The  latter  may  be  thought,  of  as  contributing  to  the 
dynamic  support  of  the  craft  through  producing,  the  speed  required 
for  the  foil  system  to  provide  dynamic  lift.  The  sum  of  the  two  weight 
quantities  possesses  a  minimum  at  some  point  between  the  condition 
of  excessive  machinery  weight  (with  small  foil  size)  and  the  under¬ 
powered  large-foil  craft.  The  following  functions  indicate  this 
fact}  ■  ling  equation  (2.5)»  amplified  in  section  3-a,  and  equation  (2.20) 
-  the  combined  weight  fraction  of  foil  system  and  machinery  is  found 
to  be 


W(F+m)  *  k  W  X/2  *  k  V 
W  "v3 

where  k,  and  k2  are  suitable  constants.  Differentiating  this 
equation,  the  minimum  combined  weight  is  found  for 


(2.21) 


k2V  -  3  k^W^/v3)  (2.22) 

This  means,  that  (for  the  foil-weight  function  as  tentatively  assumed) 
the  machinery  weight  should  be  3  times  the  foil-system  weight,  to 
give  a  minimum  combined  weight  fraction}  see  Figure  2.5* 

d)  Structural  Effect 


Upon  increasing  the  design  speed  of  a  craft  of  given  weight, 

the  foil  size  decreases  appreciably  -  as  illustrated  in  Figure  2. 

Since  at  the  same  time  the  load  on  the  foil  or  the  foils,  remains 
essentially  constant,  there  might  be  configurations  in  which  the 


CONFIDENTIAL 


I  -  2.28 


CONFIDENTIAL 


SIZE  AND  SPEED 


loading  ratio  w/S  of  the  foils  is  unfavorably  high.  The  foils  may 
be  very  small  while  the  struts  required  tolransmit  the  hull  weight 
to  the  foils  are  of  the  same  size  and  at  least  the  same  strength  as 
in  lower-speed  designs.  Also,  the  thickness  ratio  of  the  foil 
sections  may  have  to  be  higher  for  structural  reasons.  Finally,  the 
air  resistance  component  of  the  hull  (growing  large  in  comparison  to 
the  foil  area)  is  expected  to  become  appreciable  upon  increasing  the 
design  speed.  All  in  all,  therefore,  the  resistance  ratio  of  high¬ 
speed  hydrofoil  boats  is  expected  to  increase  as  some  function  of  the 
design  speed. 

The  consideration  in  the  preceding  paragraph  may  also  be  made 
in  terms  of  size.  Upon  decreasing  the  size  of  a  hydrofoil  craft, 
the  required  foil  area  decreases  not  only  directly  because  of  size  - 
but  also  in  relation  to  the  hull  dimensions  (as  illustrated  in 
Figure  2.3).  As  a  consequence,  the  structural  design  of  the 
resulting  tiny  foils  may  cause  some  difficulty  and  the  hydrodynamic 
drag  coefficient  (or  the  D/L  ratio)  should  be  expected  to  be  increased 
on  this  count.  In  other  words,  a  lower  "limit”  in  size,  or,  an  upper 
limit  in  speed,  and  such  a  limit  in  the  "Froude”  number  (V/A1'^) 
can  be  predicted  too,  above  which  design  and  performance  of  hydrofoil 
craft  would  become  less  favorable  again. 
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h .  POTENTIALITIES  OF  HYDROFOIL  CRAFT 

a)  Results  of  Design  Studies 

An  analysis  of  the  design  studies  carried  out  by  Gibbs  & 

Cox,  Inc.  is  included  in  Appendix  MA".  These  design  studies  deal 
with  submerged,  automatically  controlled  foil  craft  capable  of 
operations  independent  of  shore  facilities j  i.e.  living  and 
berthing  facilities  are  included  for  the  crew  for  the  period  of 
maximum  duration.  No  specific  use  was  assigned  to  the  boats 
investigated.  An  arbitrary  percentage  of  weight  was  assigned, 
however,  to  ’'Payload".  The  Appendix  should  be  studied  in  order  to 
gain  an  understanding  of  the  criteria  involved  and  the  results. 

The  principal  result  of  Appendix  "A"  is  the  weight  margin 
left  over  for  machinery,  fuel  and  payload,  as  a  function  of  the 
size  of  the  craft.  This  information  ir  presented  in  Figure  h  of  the 
Appendix.  By  using  the  expression  for  maximum  speed  as  a  function 
of  this  weight  allowance  (equation  2.10  or  2.11)  and  the  above 
information  in  conjunction  with  a  particular  engine  and  assumed 
efficiency  (Table  III  in  Appendix  ”A"),  a  curve  of  maximum  speed 
versus  displacement  for  specified  conditions  of  range,  payload, 
and  type  of  engine  may  be  calculated.  Such  a  curve  is  shown  on 
Figure  2.6,  assuming  a  range  at  maximum  speed  of  IiOO  nautical 
miles,  a  payload  of  20%  and  a  gas  turbine  unit  as  listed  in  Table  III 
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While  this  curve  should  be  taken  only  as  an  illustration  of  such 
an  analysis,  the  basic  characteristics  are  probably  true  of  hydro¬ 
foil  craft  in  general}  i.e.  there  is  a  size  (around  1000  tons 
in  Figure  2.6)  beyond  which  the  possible  maximum  design  speed  drops 
off  rapidly  due  to  running  out  of  machinery  weight. 

b)  Comparison  with  Existing  Craft 

Appendix  nB”  gives  the  results  of  a  statistical  study  of 
size  and  speed  of  existing  water  craft  along  with  a  discussion  of 
the  possible  meaning  of  these  results.  This  discussion  should  be 
studied  in  order  to  interpret  Figure  2.6.  Figure  1  of  Appendix 
MBW  gives  a  size-speed  plot  showing  the  areas  occupied  by  various 
types  of  craft  prior  to  1952,  and  Figure  2.6  is  taken  from  this 
plot.  It  is  seen  that  there  is  an  area  between  100  and  1000  tons 
above  the  t,FroudeK  line  (V/  1  ?,  not  occupied  by  any  existing 

craft;  and  that  hydrofoil  craft  could  potentially  bridge  this  gap. 
While  this  might  also  be  true  of  planing  boats,  they  have  not  been 
built  over  about  100  tons,  and  it  is  assumed  that  this  is  because  of 
high  impact  in  a  seaway.  This  would  not  apply  to  hydrofoil  boats 
to  the  same  degree.  Therefore,  these  could  be  operated  in  this 
region.  It  should  also  be  noted  that  the  maximum-speed  line  for 
the  hydrofoil  craft  selected  for  illustration,  crosses  the  line 
(  »/  A1^  )  *  12  at  A ^  1000  tons-.  This  indicates  the  probability 
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that  hydrofoil  craft  over  1000  tons  would  not  be  practical 
as  the  potential  speed  would  probably  be  less  than  that 
of  a  displacement  vessel.  The  generally  higher  speed  of  hydrofoil 
vessels  shown  on  this  line  as  compared  to  planing  vessels  is  due 
to  the  higher  efficiency  of  the  former. 
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5.  SUMMARY  AND  CONCLUSIONS 

From  the  foregoing  analysis,  the  size  and  speed  potentialities 
of  hydrofoil  craft  appear  to  be  as  follows! 

a)  Hydrofoil  craft  do  not  appear  to  be  practical  in 
larger  sizes,  i.e.  above  1000  tons  for  several  reasons, 
the  most  important  of  which  is  the  abnormal  growth  of  the 
foil  system  with  size,  causing  a  decrease  in  the  weight 
available  for  machinery,  increasing  the  structural 
complexity  draft,  and  making  the  physical  dimensions 
(draft,  beam,  etc.)  unwieldly. 

b)  Hydrofoil  craft  are  essentially  in  a  high-speed 
category.  Cavitation,  therefore,  has  considerable 
influence  upon  the  design  (thickness  ratio  of  foil-and 
strut  sections  and  lift  coefficient  of  operation). 

It  appears  that  at  the  present  state  of  development 
there  is  a  speed  limit  on  account  of  cavitation  (in 
the  vicinity  of  h5  knots)  that  cannot  be  exceeded 
without  penalty.  Development  of  boats  running  at  very 
high  speeds  seems  to  ,be  feasible,  however,  on  the  basis 
of  aircraft-type  light-weight  machinery.  Different 
design  principles  apply  in  this  speed  range. 
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c)  Hydrofoil  craft  are  likely  to  be  limited  in  range 
(while  foil  borne)  as  compared  to  displacement 
vessels.  In  moderately  large  sizes,  crpising  in 
displacement  condition  ihight  be  considered,  however 
thus  givirig  acceptable  values  of  range. 
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CHAPTER  3«  SELECTION  OF  CONFIGURATION 


Introduction 

1.  Hull  Characteristics 

2.  Characteristics  of  the 
Foil  System 

3.  Configuration  and  Arrangement 
lw  Structural  Considerations 

5.  Type  of  Machinery 

6.  Influence  of  Stability  and 
Control 


This  chapter  deals  with  the  preliminary  design  of  hydrofoil 
craft  -  the  basic  blocking  out  of  hull.,  foil  system,  machinery  and 
drive.  Aspects  affecting  the  design  of  hydrofoil  craft  have  been  taken 
from  several  of  the  other  chapters  of  the  Handbook™  Selection  of  the 
components  is  discussed  in  light  of  the  physical  principles  involved, 
such  as  hydrodynamics,  arrangement,  structures  and  control. 
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NOTATION 

A 

L 

W 

F 

GT 

S 

V 

FL 

5 

q 

CL 

ck 

b 

c 

A 

n 

"A" 

t/c 

T 

m 

c 

Subscripts  t 

o 

t 


displacement  in  long  tons 

lift  of  hydrofoil  (also  length  of  hull) 

weight  of  craft  (in  lb) 

safety  factor 

stress  in  lb/in^ 

"wing"  area  of  foil 
speed 

-  V/ViL  ■  Froude  number 
density  of  the  water 
■  0.5  <3  ■  dynamic  pressure 

*  L/qS  ■  lift  coefficient 
angle  of  attack  of  foil 
foil  span 

foil  chord 

*  b/c  «  aspect  ratio 
number  of  struts  in  one  foil 
aspect  ratio  between  struts 
thickness  ratio  of  foil  section 
endurance  (hours) 

specific  engine  weight  (Ib/kP) 
fuel  rate  in  lb/HP  per  hour 


for  normal  operating  speed 
for  take-off 
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INTRODUCTION 

In  the  preliminary  design  of  a  hydrofoil  craft  the  main  features  of 
the  craft  are  established  by  the  selection  of  foil  system,  machinery, 
transmission,  and  other  components  as  well  as  by  the  determination  of 
the  way  in  which  the  deadweight  is  utilized  to  meet  the  tactical  or 
commercial  requirements  of  the  craft.  In  this  chapter,  some  of  the  more 
important  considerations  in  this  selection  of  components  are  discussed. 
An  attempt  is  made  to  limit  this  type  of  material  to  that  which  can  be 
rather  definitely  established  by  physical  reasoning  underlying  a  basic 
selection,  or  by  conclusive  practical  experience,  of  which  there  is 
comparatively  little  in  the  case  of  hydrofoil  craft.  This  means  that, 
there  will  be  some  aspect  of  preliminary  design  left  uncovered j  in  these 
cases  the  designer  must  rely  upon  his  judgement,  a  situation  which  is 
not  nf #  in  other  fields  of  engineering  design.  Moreover,  there  are 
other  criteria,  such  as  attractiveness,  ha  id  lability,  etc.  which  may  be 
important  but  which  are  considered  to  be  outside  the  scope  of  this 
presentation.  Finally,  it  must  be  obvious  from  Chapter  2  that  th«  hydro¬ 
foil  craft  is  highly  suitable  for  some  purposes  but  not  for  others,  and 
that  there  are  regions  of  size  and  speed  in  which  advantages  exist.  This 
should  be  kept  in  mind  in  the  preliminary  design  stages. 

In  order  to  proceed  with  the  selection  of  components,  the  principal 
characteristics  (size  and  speed)  must  be  assumed.  This  should  be  done 
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in  the  light  of  the  relationships  presented  in  Chapter  2,  with  the 
main  purpose  being  to  meet  whatever  requirements  have  been  specified 
for  the  craft.  The  assumed  size  and  speed  may  turn  out  to  be 
incompatible  with  the  requirements,  in  which  case  a  new  selection  must 
be  made  and  checked  against  the  requirements.  Methods  of  analysis  for 
use  in  this  regard  are  given  in  Chapter  b  and  in  the  later  chapters,* 
mastery  of  these  methods  is  necessary  in  order  to  proceed  with  the 
design.  On  the  basis  of  such  information,  the  present  Chapter  deals 
with  arriving  at  a  sensible  selection  of  a  configuration  which  can 
then  be  analyzed  and  improved  upon. 
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J  *  HULL  CHARACTERISTICS 

The  hull  of  a  hydrofoil  boat  perform?  much  the  same  function  as 
that  of  any  other  water  craft,  i.e.  to  give  buoyant  support  (in  float¬ 
ing  condition  or  at  rest)*  and  to  provide  enclosed  space,  etc.  At 
speeds  equal  to  and  less  than  take-off  speed  the  hull  is  required  to 
operate,  at  various  conditions  of  loading,  with  reasonable  resistance 
characteristics  and  absence  of  any  strong  tendency  to  squat ,  to  throw 
spray*  or  to  b(  unstable.  Roughly  speaking,  a  hull  which  has  proved 
successful  without  foils  at.  a  speed  near  take-  off  speed  will  be  adequate 
for  a  hydrofoil  craft  if  certain  other  requirements  are  met.  Thus  a 
hull  designed  for  a.  hydrofoil  craft  may  in  general  resemble  that  of  a 
' conventional  boat  designed  for  a  speed  close  to  take  off.  Therefore, 
for  an  assumed  take-off  speed  (of  20  knots  for  example).,  the  Froude 
number  at  take-off  speed  will  vary  with  sire,  calling  for  different 
types  of  hulls  for  different  sizes.  Table  3.1  show?  iM  3  - -end  based 
upon  certain  assumptions  as  to  speed-length  ratios  involved..’  the  Table 
.should  not  be  taken,  however,  as  anything  more  than  an  example  of  the 
trends  involved. 

Another  factor  which  influences  the  hull  form  is  the  consideration 
of  connecting  the  foils  to  the  hull  through  struts.  In  this  respect 
the  low  chine  found  on  planing  boats  is  certainly  advantageous  in  cutting 
down  the  required  length  of  side  3truhs.  For  this  reason  and  since  a 
planing  hull  is  indicated  for  Froude  -number  reasons  (Table  through- 
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out  most  of  the  speed  range,  this  type  of  hull  is  usually  found  in 
connection  with  hydrofoil  craft,  although  some  notable  exceptions  exist 
(see  Chapter  1,  Figures  1.2  and  1.18).  The  chine  type  hull  has  the 
additional  advantage  of  being  less  expansive  in  construction  as  compared 
to  a  round -bottom  shape. 


TABLE  3.1 

Approximate  average  values  of  "Froude"  number, 
displacement-length  ratio  and  of  the  resulting 
displacement  for  various  types  of  marine  craft. 


vk 

Hull  Tvne 

A 

A 

xfT 

(L, ’100)3 

Tons 

up  to  1.2 

Ship-Type  Hull 

150 

700  and  up 

1.2  -  1.9 

Destroyer  Type 

80 

100  -  hoo 

1.5  ••  2.5 

Semi -Planing 

lUo 

1*0  -  300 

2.5  -  5.0 

Planing  Hull 

iho 

0.5  •*  1*0 

5.0  and  up 

Stepped  Hull 

lhO 

up  to  0.5 
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2.  CHARACTERISTICS  OF  THE  FOIL  SYSTEM 

The  selection  of  a  type  of  foil  system  to  be  compatible  with  the 
basic  concept  of  a  particular  craft  is  an  important  step  in  the  block¬ 
ing  out  of  the  design  of  the  craft.  Examples  of  different  foil  types 
are  given  in  Chapter  1.  Table  3.2  attempts  to  classify  these  types 
according  to  the  method  employed  to  vary  lift  with  submergence  in  order 
to  provide  stability. 


TABLE  3.2 

Various  Types  of  Foil  Systems 


Type 

Shape 

Method 

reefing 

ladder  systems 

by  area 

surface-piercing 

V-shaped  foils 

by  area 

planing 

planing  skids  ■# 

by  area 

fully  submerged 

submerged  foil 

by  angle 

*  considered  hero,  only  for  stabilization 


The  first  thing  to  determine  is  whether  to  use  a  reefing  (or 
surface -piercing)  foil  system,  which  is  Inherently  stable,  or  a  .submerged 
foil  system  which  requires  the  additional  complication  of  stabilizing 
skids  or  of  foil  angle  control  (automatic  or  mechanical).  Surface  - 
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piercing  "V"  foils  appear  to  be  efficient  (low  drag)  and  comparatively 
simple.  Ventilation  originating  from  the  piercing  ends  restricts  their 
lift  coefficient,  however,  especially  in  waves  and  in  turning.  Where 
relatively  small  highspeed  craft  are  desired  for  operation  under 
moderate  conditions,  area  stabilized  configurations  are  desirable. 

On  the  other  hand,  ii  applying  fully  submerged  foils,  they  have  to  be 
stabilized  by  means  of  a  more  or  less  sensitive  electro-mechanical 
apparatus.  It  is,  therefore,  suggested  that  this  typj  of  design  is 
more  suitable  in  larger-size  craft.  Appreciable  advantages  are 
expected  with  respect  to  stability,  seakeeping  and  banked  turning  in 
the  resulting  systems. 

With  regard  to  stability,  two  foils  are  required  in  longitudinal 
arrangement.  As  illustrated  in  Figure  3*1,  the  two  may  either  be 
approximately  of  the  same  size  ("tandem"),  or  one  of  them  may  be  com¬ 
paratively  small,  essentially  serving  as  a  control-  and  stabilization 
surface.  The  latter  type  may  either  be  "canard"  (with  the  control 
surface  forward)  or  "airplane"  (with  the  smaller  foil  in  the  rear,  as 
in  conventional  airplanes).  Generally,  tandem  systems  are  more  suitable 
for  larger  craft  (low  Froude  numbers).  The  "single"  foil  types  are 
preferable  in  smaller  craft  (at  higher  Froude  numbers). 

The  lift  "L"  of  any  foil  system  or  wing  depends  on  the  fluid 
density  "o",  the  area  "S",  speed  "V",  and  the  lift  coefficient  "CL" 
which  in  turn  depends  primarily  on  the  foil's  angle  of  attack  Oi  ,  i.e.: 
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L  -  CL  0.5  J  S  V2  -  (dCL/dcx)cx  q  S  (3.1) 

where  dCj^a-  lift-curve  slope 

q  ■  0.5  (5  V  ■  dynamic  pressure 

For  reefing  systems,  and  with  a  view  toward  ventilation  at  the  ends 
of  surface-piercing  foils,  a  lift  coefficient  in  the  order  of  CL  *  0.3 
may  be  suitable  for  such  systems j  and  this  coefficient  will  approximately 
be  constant  over  the  flying  speed  range  as  the  area  changes.  Minimum 
flying  speed  is  obtained  for  maximum  (total)  foil  area  (span)  submerged. 

Considering  fully  submerged  hydrofoil  systems,  their  wetted  area 
is,  of  course,  fixed.  The  design  of  this  type  hydrofoil  has  to  take 
into  account  both  a  sufficiently  large  area  to  facilitate  take-off,  and 
the  drag  of  this  area  at  tho  maximum  speed  of  the  craft.  Their  lift 
coefficient  necessarily  varies  as  a  function  of  speed,  so  that  equation 
(3.1)  is  satisfied.  As  an  upper  practical  limit,  Cj,  -  1.0  may  be  assumed 
(because  of  stalling)  for  plain  sections.  The  required  foil  area 
naturally  follows  as  a  result  of  the  speed  selected  or  specified. 

Equation  (3.1)  is  true  at  any  speed  at  which  the  craft  is  wholly 
foil-borne  and,  therefore,  must  apply  at  take-off  (subscript  nTM)  and 
at  normal  operating  speed  (subscript  no").  The  flying  speed  range, 
therefore,  corresponds  to 

(V0/VT)J  •  (Cu./ct0)  (Sj./s0)  (3.2) 
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For  a  fully  submerged  system,  Sj  *  S0.  The  speed  range  is 
accordingly: 

V0/VT  "  VC LT/cLo  (3*3) 

For  Cjjj.  *  1  (as  mentioned  before)  and  for  cLo  “  0  .25  (for  example),  the 
speed  range  is  {T  -  2. 

In  a  poor  design,  take-off  may  be  made  impossible  by  high  hull- 
and  foil  resistance  (hump).  This  means  that  in  flying  condition  (if 
reached  by  some  boost  of  thrust)  available  power  and  foil  design  may  be 
compatible  with  each  other,  in  a  craft  of  reasonable  performance,  but 
that  the  craft  would  not  be  able  to  take  off.  This  would  indicate  an 
Increase  in  foil  area  so  that  the  take-off  speed  is  lowered.  The 
reduction  in  take-off  speed  reduces  the  "hump"  resistance  (and  increases 
the  available  thrust). 
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CONFIGURATION  AND  ARRANGEMENT 

Having  determined  the  basic  type  of  the  foil  system  in  Section  2, 
the  particular  configuration  must  be  determined.  A  cursory  study  of 
the  situation  shows  that  foil  configuration,  machinery  location,  and 
type  of  drive  (assuming  underwater  propulsion)  are  inter-related  to 
the  extent  that  one  should  not  be  selected  Independently  of  the  others. 
Because  of  this,  these  three  items  will  be  discussed  together  in  this 
section. 

Transmissions  are  either  "right  angle"  (involving  bevel  gears)  or 
"inclined  shaft",  there  being  variations  of  each  such  as  chain  drives 
or  vee-drives  (see  Figure  3.?)»  The  machinery  location  is  either 
forward  or  aft  in  relation  to  the  center  of  gravity;  and  since  the 
machinery  is  in  general  the  largest  fixed  weight  that  can  be  shifted  in 
this  manner,  its  location  is  of  utmost  importance  in  varying  the  center 
of  gravity  of  the  complete  configuration. 

There  is  another  consideration  having  to  do  with  the  relationship 
between  foil~  and  engine  location  in  the  airplane  and  canard  systems. 

In  either  case  it  is  assumed  that  the  smaller  of  the  two  foils,  j.e. 
the  "auxiliary"  foil,  is  placed  in  a  reasonable  location  near  the  bow 
or  stern.  The  location  of  the  other  components  of  the  craft  ^exccn:' 
for  machinery  and  main  foil)  shall  also  be  given.  It  is  also  assumed 
that  tnere  is  a  specified  load  distribution  between  main  and  auril iary 
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foil  in  each  case  (for  example  in  the  ratio  of  2  to  1)  ro  that  tho 
center  of  lift  of  the  foil  system  is  below  the  center  of  gravity  of 
the  craft  configuration.  Proceeding  in  this  manner,  it  is  found  that 
the  center  of  lift  tends  to  follow  the  main  foil  around.  Likewise,  the 
center  of  gravity  of  the  craft  will  follow  the  engine  location.  There¬ 
fore,  (to  provide  necessary  balance)  the  engine  and  the  main  foil  will 
follow  each  other.  In  order  to  provide  reasonable  foil  separation,  it 
is  then  evident  that  the  most  compatible  machinery  locations  are  forward 
for  the  airplane,  and  aft  for  the  canard  system,  respectively. 

From  Figure  3.2  it  is  seen  that  all  the  different  types  of  drive 
require  one  or  more  struts  for  support.  Since  the  foils  likewise 
require  support,  the  temptation  is  strong  to  combine  the  two;  it  follows 
that  with  a  single  shaft,  one  or  three  struts  should  support  the  related 
foil  and  for  twin  shafts,  two  struts  may  be  utilized.  With  a  minimum 
number  of  struts  (to  reduce  drag),  low  aspect  ratio  foils  result  from 

v 

structural  considerations.  This  is  desirable  for  higher  speeds  where 
drag  due  to  lift  is  minimum.  For  lower  speeds,  more  struts  and  higher 
aspect  ratios  result  in  the  best  characteristics.  In  practice,  high 
speed  foils  have  aspect  ratios  of  U  to  6  and  slower  craft  in  the  order 
of  8  to  12.  Moreover,  the  engines  should  be  placed  in  such  a  manner  as 
to  minimize  the  length  of  shafting  (notice  that  the  vee-drive  ir.  Figure 
3.2-b  with  the  engine  aft,  is  poor  in  this  regard).  The  resulting 
inter-relationship  is  obvious  in  attempting  to  make  attractive  com¬ 
binations  of  the  various  types  of  drive  and  foil  configuration?. 
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With  regard  to  size  (and  location)  of  the  struts,  directional 
stability  (as  explained  in  Chapter  6)  and  turning  performance  (as 
described  in  Chapters  U  and  6)  mus4-  be  taken  into  account.  It  may 
very  well  be  that  the  lateral  strut  area  required  is  larger  thar 
found  necessary  for  structural  support. 

The  question  now  arises  as  to  what  type  of  drive  to  use.  It  is 
assumed  in  this  regard  that  location  of  the  propeller(s)  forward  is 
undesirable  from  the  standpoint  of  vulnerability.  The  use  of  an  inclined 
shaft,  therefore,  seems  to  be  indicated  for  the  airplane  configuration, 
and  a  right-angle  drive  seems  to  be  most  suitable  for  the  canard  arrange¬ 
ment.  If  in  the  latter  case  the  right-angle  drive  (which  does  not  seem 
to  be  readily  available)  should  involve  too  much  development  work,  a  vee~ 
drive  forward  may  be  considered  at  some  cost  in  weight  of  shafting  (see 
Figure  3«2-b).  A  vee-drive  (integral  with  the  engine)  might  also  be 
employed  in  the  case  of  the  airplane  corfiguration  in  order  to  cut  down 
the  installation  angle  of  engine  and  shaft. 

The  question  of  the  number  of  engines  (and  shafts)  may  be  decided 
from  considerations  of  available  engines  and  required  power.  As  an 
additional  factor  in  this  regard,  utilization  of  existing  foil  struts 
may  be  considered  -  as  mentioned  before.  For  example,  in  a  configuration 
with  an  inclined-shaft  drive  and  two  struts  on  the  rear  foil,  twin  shafts 
would  be  preferable  to  a  single  shaft  for  which  an  additional  strut 
would  have  to  be  provided. 

CONFIDENTIAL 

I  -  3.1b 


CONFIDENTIAL 


CONFIGURATION 


In  conclusion,  an  effort  should  be  made  to  avoid  additional  struts 
and  excessive  shafting  in  a  configuration,  by  careful  consideration  of 
the  inter-relationship  between  machinery  location,  type  of  drive  and 
foil  configuration  -  recognizing  that  there  will  be  cases  where  some 
compromise  on  the  optimum  combination  must  be  made. 
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It .  STRUCTURAL  CONSIDERATIONS 

In  selecting  the  foil  configuration  from  a  hydrodynamic  point  of 
view  one  cannot  lose  sight  of  structural  requirements.  There  are 
certain  combinations  of  loading,  aspect  ratio  and  foil  section  which 
are  impossible  to  use,  for  a  given  material,  without  exceeding  the 
yield  stress.  This  is  especially  true  of  foil  systems  designed  for 
high  speeds  with  high  foil  loadings  and  small  thi  kness  ratios,  the 
latter  necessary  to  avoid  cavitation. 

Structural  considerations  are  presented  in  Chapter  5.  Equation 
(5.18)  gives  the  requirements  on  the  foil  section  as  discussed  above. 

The  expression  may  be  simplified  somewhat  and  rearranged  to  show  the 
limiting  "aspect  ratio  between  struts": 

"Anmax  "  U/n)max  -  11.5  (3.3) 

where  A  *  aspect  ratio  of  the  foil 
n  *  number  of  struts 
«  yield  stress 
F  ■  factor  of  safety 

and  the  rest  of  the  notation  as  defined  in  Chapter  5.  The  foil  section 
is  assumed  to  be  solid  as  a  limiting  case.  The  foil  tips  outside  the 
struts  are  assumed  to  be  cantilevered  and  to  be  dimensioned  in  such  a  way 
that  the  deflection  curve  of  the  foil  has  a  horizontal  tangent  at  t ha 
struts. 

CONFIDENTIAL 

I  ~  3.16 


CONFIDENTIAL 


CONFIGURATION 


The  maximum  load  experienced  by  a  hydrofoil  craft  operating  in 
waves  is  higher  than  the  static  load  (corresponding  to  the  weight). 
Methods  are  indicated  in  Chapter  5  to  determine  such  loads.  For 
comparison  of  various  designs,  it  is  more  convenient,  however,  to 
express  W  as  the  static  design  load  on  the  foil,  and  F  as  a  factor 
combining  the  ratio  of  total  load  to  design  load  (load  factor)  with 
the  material  factor  of  safety. 

Equation  (3.3)  is  illustrated  in  Figure  3.3  assuming  two 
representative  materials  and  a  factor  of  safety  F  •  1*.  Such  a  graph 
can  easily  be  made  up  for  other  materials  (having  different  C  values) 
for  different  values  of  F.  Foil  configurations  with  values  of  "A” 
exceeding  that  given  in  the  graph  are  not  possible  structurally. 
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DESIGN  EXAMPLE 

Check  the  feasibility  of  an  aluminum  foil  (with  (j  » 
21^,000  lb/in^),  supported  by  two  struts,  assuming 
the  loading  to  be  800  lb/ft^  and  assuming  that  a 
thickness  ratio  t/c  *  10£  cannot  be  exceeded  because 
of  cavitation. 

Figure  3»3  gives  an  aspect  ratio  between  struts  of 
nAtt  mf  3  for  the  stated  conditions.  Including  the 
cantilever  foil  tips  (each  assumed  to  have  a  per¬ 
missible  aspect  ratio  outside  the  struts  equal  to 
0.5'  WAW),  a  total  aspect  ratio  in  the  order  of  6 
would  then  be  feasible.  Employing  a  higher-strength 
material  (steel  with  (D  »  60,000  lb/in^),  a  value  of 
wAn  *  5  i»  found  in  the  graph  for  t/c  *  10%,  which 
is  appreciably  higher  than  that  for  aluminum. 
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5.  TYPE  OF  MACHINERY 

A  typical  hydrofoil  craft  appears  to  be  a  high  speed  craft  in 
which  the  machinery  constitutes  a  larger  fraction  of  the  total  weight. 
Emphasis  should,  therefore,  be  placed  on  machinery  of  small  specific 
weight,  possibly  at  the  expense  of  fuel  consumption. 

The  engines  available  for  hydrofoil  application  include  internal- 
combustion  gas  engines  (such  as  those  in  aircraft),  gas  turbines  which 
may  be  compounded  with  other  types,  and  possibly  some  of  the  new  light¬ 
weight  diesel  engines.  A  tabulation  of  the  estimated  characteristics 
of  some  of  these  engines  is  presented  in  Table  3.3.  Also,  Table  A. II 
of  Appendix  nA"  gives  some  estimates  of  total  installed  weight  of 
machinery  and  auxiliaries. 

A  good  measure  to  usw'  when  trying  to  decide  which  type  of  engine 
is  best  for  a  particular  application,  is  to  estimate  the  total,  running 
time  MT"  at  high  speed  per  trip  and  to  form  the  product  (m  +  cT)  where 
wm"  is  the  specific  weight  of  the  engine  and  "c"  the  fuel  rate. 
Obviously,  high  values  of  T  call  for  low  fuel  rates  at  the  cost  of 
machinery  weight  and  vice-versa.  Cross-over  points  usually  exist 
between  two  different  types.  Depending  upon  endurance  and  range 
required,  therefore,  one  or  the  other  engine  type  will  cone  out  to  be 
more  suitable. 
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Another  consideration  presents  itself  with  respect  to  range. 

The  craft  must  have  a  radius  of  action  large  enough  to  allow  for  patrol 
and  other  tactical  requirements .  A  possible  answer  is  to  cruise  in 
displacement  condition  at  some  low  speed  at  a  fraction  of  the  maximum 
horsepower.  Indeed,  since  this  amount  of  power  is  likely  to  be  little 
in  comparison  to  that  of  the  main  unit,  it  may  be  worthwhile  to  pro¬ 
vide  an  extra  cruising  engine,  at  a  comparatively  small  cost  in  weight, 
which  would  have  a  better  fuel  rate  than  the  main  machinery.  Of 
course,  this  proposition  may  be  made  even  more  attractive  by  using 
the  same  fuel  in  each  type  (for  example,  diesel  fuel  in  a  diesel 
engine  for  cruising  and  in  gas  turbines  as  main  engines).  Any 
selection  of  cruising  radius  And  length  of  high-speed  operation 
would  be  possible  in  such  an  arrangement.  An  example  of  this 
application  is  shown  in  Reference  2  of  Appendix  nAn. 
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Engine 

Boeing 

Chrysler 

Packard 

Packar 

Type 

Qas  Turbine 

Gasoline 

16(e)  Diesel 

Qaso 

Continuous  Rating  (SHP) 

160 

200 

800 

ll* 

at  run  per  minute 

2900 

3800 

2000 

20 

Maximum  Rating  (SHP) 

- 

(1200) 

25 

at  run  per  minute 

28 

Fbel  Consumption  (a), 

1.30 

0.53 

0.1*1 

(0. 

in  (lb/HP)  per  hour 

Hours  Between  Overhauls 

1200 

75 

Status  of  Development 

Hardware 

Hardware 

•  On  Paper 

Hard 

Approximate  Dimensions  t 

Length  (ft) 

5.0 

i*.o 

10.1 

13 

Width  (ft) 

2.8 

2.7 

3.7 

3. 

Height  (ft) 

2.9 

2.6 

l*.7 

5. 

Weights  (b) 

, 

Bare  Engine  in  lb 

230 

1103 

1*1*30 

k: 

Specific  (lb/kP) 

l.l*h 

5.52 

5.53 

3. 

Accessories  in  lb 

60 

976 

5e 

Specific  (lb^P) 

0.38 

1.22 

0. 

Foundations  in  lb 

32 

(288) 

53 

Specific  (Ib/feP) 

0.20 

(0.36) 

o. 

Liquids  (d)  in  lb 

,  (6U) 

(1*32) 

6S 

Specific  (lb/fep) 

(0.1*0) 

(0.51*) 

0. 

Sub  Total  in  lb 

386 

6’’  ?6 

6] 

Sub  Total  Specific 

2.1*2 

7.65 

1*. 

NOTES* 

(a)  at  continuous  HP,  not  including  lube  oil 

(b)  The  specific  weight  is  based  on  continuous  output 

(c)  not  including  ducting  weights 

(d)  not  including  fuel 

(e)  Mark  12,  with  6  instead  of  8  cylinders,  is  testing 

Values  in  brackets  are  approximate  or  estimated. 

All  turbines  are  geared  down  to  the  quoted  rpm  values. 
The  gear  weight  is  included  in  the  ’'bare"  weight. 


ft 

Packard 

Packard  W-100 

GM  Allison 

Wright 

Napier 

Fairchild 

Metro -Vick 

i 

16(e)  Diesel 

Gasoline 

Gas  Turbine 

Gasoline 

E-ll*5  Diesel 

Gas  Turbine 

Gas  Turbine 

T 

800 

11*00 

1600 

1700 

1750 

2350 

1*000 

t 

2000 

2000 

21*00 

1600 

1100 

1 

(1200) 

2500 

2000 

3250 

301*5 

1*800 

1 

i 

2800 

2900 

2050 

1190 

i 

0.1*1 

(0.58) 

0.75 

0.1*5 

0.31* 

0.72 

0.85 

750 

5oo 

700 

1000 

!. 

•  On  Paper 

Hardware 

Development 

Hardware 

Testing 

On  Paper 

Testing 

10.1 

11.3 

8.5 

8.5 

8.8 

17.8 

3.8 

5.3 

5.0 

2.1* 

7.3 

SBBK-M-  .  ■■  ■ 

5.0 

5.3 

3.8 

2.1* 

6.1* 

1*1*30 

1*321* 

2700 

3700 

3600 

6725 

9721 

5.53 

3.09 

1.75 

2.18 

1.89 

2.86 

2.1*3 

i 

976 

581* 

(1380) 

(1530) 

1900 

1500 

(3200) 

{ 

1.22 

0.1*2 

(0.80) 

(0.90) 

1.00 

0.61* 

(0.80) 

| 

(288) 

510 

(61*0) 

(510) 

(550) 

1000 

(1600) 

r 

(0.36) 

0.36 

(0.1*0) 

(0.30) 

(0.36) 

0.1*3 

(0.1*0) 

j 

(1*32) 

691 

(61*0) 

(680) 

(1300) 

91*0 

(1600) 

[■ 

! 

(0.51*) 

0.1*9 

(0.1*0) 

(0.1*0) 

(0.51*) 

0.1*0 

(0.1*0) 

1 

6’’ 26 

6109 

5360 

61*90 

7350 

10165 

16121 

1 

7.65 

1*.36 

3.35 

3.78 

3.79 

1*.33 

1*.03 

tl 
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LIST  OF  MODERN  LIGHT -WEIGHT  ENGINES  WHICH  MAT  BE  CONSIDERED 
1  is  testing  SUITABLE  FOR  APPLICATION  IN  HYDROFOIL  CRAFT 
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6.  INFLUENCE  OF  STABILITY  AND  CONTROL 

General 

The  subject  of  stability  and  control  (particularly  in  waves)  is 
a  difficult  one  on  which  to  give  definitive  advice  to  a  designer  of 
hydrofoil  craft.  Certain  general  recommendations  can  be  made,  however. 

The  stability  problems  of  hydrofoil  craft  are  basically  similar  to 
those  encountered  in  aircraft,  with  the  additional  restriction  that 
height  must  be  governed  within  narrow  limits  in  calm  water  and  in  waves. 
Jhrthermore,  it  can  be  shown  that,  although  hydrofoil  speeds  are  con¬ 
siderably  slower  than  those  of  aircraft,  motions  happen  faster  owing  to 
the  denser  medium  involved.  Manual  control  of  these  motions  (and  of  the 
flying  level),  therefore,  does  not  appear  to  be  practical. 

There  are  two  stabilising  elements  (foils  or  foil  ends)  required 

\ 

in  lateral  respect.  Similarly,  there  are  two  foils  required  in  fore  and 
aft  locations  to  provide  longitudinal  stability.  The  choice  between 
tttandemH,  ttcanardw  and  "airplane"  arrangements  (see  Section  2)  is 
primarily  a  natter  of  considerations  apart  from  stability  (such  as  craft 
size).  A  number  of  foils  greater  than  two  or  foil  positions  greater  than 
three.  Is  possible  (for  example,  four  foil  units),  and  may  be  useful  for 
certain  applications. 
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In  waves,  the  type  of  flight  path  is  important.  In  conditions 
where  the  height  of  the  waves  is  less  than  strut  length,  a  level  path 
with  very  little  change  in  height  is  optimum,  accelerations  being 
held  to  a  passenger-comfort  level.  When  the  waves  are  much  higher  than 
strut  length  (and  longer  than  boat  length),  the  flight  path  should 
essentially  contour  the  W3ve  surface.  Finally,  for  moderate-size  waves 
an  intermediate  flight  path  is  desirable.  For  smaller  hydrofoil  boats, 
whose  strut  lengths  are  restricted,  certain  wave  conditions  are 
expected  in  which  it  is  no  longer  practical  to  fly  such  craft. 

Longitudinal  Characteristics 

,  i 

Most  hydrofoil  craft  to-date  utilize  inherently  stable  con¬ 
figurations.  Their  static  stability  can  be  appraised  by  means  as  out¬ 
lined  in  Chapter  6.  Methods  of  analyzing  the  dynamic  characteristics 
of  such  craft  when  operated  in  a  seaway  have  not  generally  been 
established,  although  equations  of  motion  have  been  formulated  and 
some  computor  studies  undertaken. 

In  general,  the  best  center  of  gravity  location,  both  for  reasons 
of  longitudinal  stability  and  passenger  comfort,  is  somewhat  forward 
of  the  position  which  would  result  in  equal  load  per  unit  area  on  all 
hydrofoils.  As  the  CG  is  moved  forward  from  this  point,  the  craft  motion 
will  become  increasingly  oscillatory  until  eventually  a  dynamically 
unstable  condition  will  be  reached.  As  the  CG  is  moved  aft,  motion:. 


f 
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are  more  highly  damped  but  the  craft  is  less  inclined  to  return  to 
equilibrium  until  a  point  is  reached  where  divergence  will  occur. 

Upon  moving  the  CG  still  further  to  the  rear,  the  static  stability 
will  finally  be  exhausted. 

Generally,  the  greater  the  foil  separation,  the  higher  will  be 
the  undamped  natural  frequency  of  the  craft.  However,  there  are 
certain  conditions  that  should  be  observed  in  considering  foil 
separation.  The  farther  a  given  foil  is  from  the  OG,  the  larger  are 
the  variations  of  its  submergence  for  a  given  amplitude  of  pitch  angle. 
Thus,  for  a  large  foil  separation,  the  angle  through  which  the  craft 
can  pitch  without  causing  a  foil  to  broach  and  causing  the  hull  to 
touch  the  water  at  the  other  side,  is  more  restricted  than  for  a 
shorter  foil  separation.  In  addition,  a  craft  with  a  high  undamped 
natural  frequency  will  be  responsive  to  water  disturbances  (orbital 
motions  and  waves)  up  to  approximately  the  undamped  natural  frequency. 
Since  it  is  usually  desirable  to  minimize  craft  reaction  to  waves 
(except  for  low  frequencies  and  large  amplitudes)  it  often  seems  to 
be  convenient  to  restrict  foil  separation. 

In  a  system  of  at  least  two  lifting  surfaces,  an  acceleration 
imposed  upon  one  of  them  (by  encountering  a  crest  or  a  wave)  is  likely 
to  produce  a  (different)  acceleration  in  the  other  surface  (at  some 
distance  from  the  first  one).  Such  coupling  effect  is  not  a  major 
consideration  in  conventional  airplanes  where  the  CG  is  close  to  the 
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main  surface  (wing).  In  hydrofoil  craft,  however,  not  only  are  the 
configurations  usually  such  that  the  CG  is  at  an  appreciable  distance 
from  either  foil  -  but  accelerations  from  the  outside,  through  waves, 
are  the  rule  rather  than  the  exception.  Coupling,  therefore  appears 
to  be  of  greater  importance.  Coupling  can  be  reduced  by  arranging  the 
foils  so  that  the  product  of  the  distances  from  front  foil  to  CG  and 
from  rear  foil  to  CO  are  approximately  equal  to  the  square  of  the 
craft's  radius  of  gyration.  It  is  sometimes  advisable,  however,  to 
keep  the  gyradius  of  the  craft  as  low  as  possible,  which  will  contribute 
a  lower  damping  ratio.  Upon  analysis,  most  hydrofoil  craft  of  practical 
configuration  will  be  found  to  be  overly  damped,  introducing  increased 
time  lags.  The  former  may  be  particularly  undesirable  in  instances 
when  it  is  necessary  for  the  craft  to  follow  wave  contours.  A  smaller 
gyradius  will  also  increase  the  range  of  feasible  CG  locations  within 
the  bounds  of  stability  considerations. 

Artificial  Control 

Artificial  (autopilot)  control  can,  and  has  been  applied  to  a 
variety  of  fully  submerged  foil  systems.  In  this  connection,  analyses 
of  dynamic  stability  of  hydrofoil  systems  have  been  and  are  being  done, 
including  computor  and  simulator  studies.  The  equations  of  motions  can 
be  used  to  predict  satisfactorily  the  behavior  of  a  given  craft. 
Theoretically,  any  submerged  foil  system  (with  sufficiently  large 
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control  surfaces)  can  be  stabilized  by  a  properly  designed  control 
system.  For  good  results,  the  foils  and  the  control  system  should  be 
developed  together,  however,  to  meet  the  design  specifications. 

Submerged,  artificially  controlled  foil  systems  will  require  at 
least  one  water  level  sensing  device  and  some  combination  of  inertial 
references  to  provide  proper  information  for  control  in  all  axes. 

Control  surfaces  for  fully  submerged  foil  systems  are  either  flaps 
or  pivoting  foil  sections.  The  former  are  structurally  convenient  for 
larger  craft j  however,  they  must  be  rotated  through  approximately  twice 
the  angle  that  would  be  required  of  the  whole  section.  Static  and 
dynamic  hinge  moments  originate  in  the  articulation  of  both  foils  and 
flaps j  they  must  be  taken  into  account  in  designing  a  servo  system. 

A  successful  control  system  must  maintain  a  proper  elevation  above 

\ 

the  water,  minimize  the  effect  of  orbital  wave  motions,  restrict 
accelerations  and  provide  reasonably  damped  characteristics.  Three 
control  surfaces  in  "canard*  or  ’’airplane"  arrangement  seem  to  be 
optimum  (with  the  largsr  foil  split  in  two  halves  for  roll  control). 
Whether  the  larger  area  should  be  forward  or  aft  is  still  debatable. 

With  regard  to  hydrofoil  craft  stabilized  by  an  autopilot  system, 
it  seems  preferable  to  minimize  water-induced  disturbances  as  they  are 
first  encountered.  The  longitudinal  component  of  control  should, 
therefore,  be  predominant  in  the  forward  fbil. 
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The  servo  system  should  be  capable  of  adjusting  lift  under 
designed  loads  at  a  minimum  of  twice  the  undamped  natural  frequency 
of  the  craft j  or  put  in  a  manner  more  familiar  to  control  system 
engineers,  the  characteristic  time  lag  of  the  servo  system  should  not 
be  greater  than  one-half  to  one-third  the  time  lag  of  the  craft  and 
preferably  leas.  This  condition  may  restrict  foil  separation. 

The  sensitivity  of  the  craft  in  pitch,  i.e.  the  amplitude  of 
response  in  pitch  at  a  given  frequency  of  wave  encounter  approximately 
increases  directly  as  the  speed  and  inversely  as  the  foil  separation, 
while  the  amplitude  of  response  in  heave  increases  as  the  square  of 
the  speed  and  inversely  as  the  foil  separation.  However,  for  a  given 
sea  state,  the  frequency  of  encounter  of  water  disturbances  increases 
with  the  speed,  but  variation  in  apparent  foil  angle  of  attack  due  to 
orbital  motion  decreases.  Thus,  the  pitch  response  for  a  given  sea 
state  does  not  vary  greatly  with  speed  j’hile  the  heave  response  varies 
essentially  with  speed.  These  statements  indicate  that  speed  and  foil 
separation  are  primary  variables  in  the  dynamic  design  of  hydrofoil 
craft.  For  a  given  speed,  attention  to  foil  separation  may  help  to 
obtain  a  favorable  configuration. 

Lateral  Control 

Rolling  motions,  arising  primarily  from  forces  encountered  abeam, 
can  be  controlled  forward  or  aft  with  almost  equal  effectiveness.  As 
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pointed  out  in  Chapter  6,  the  netacentric  height  governs  the  behavior 
in  rolling,  yawing  and  sideslipping.  A  low  center  of  gravity,  limited 
clearance  above  the  water  (strut  length)  and  a  large  span  of  foil  or 
foils,  are  therefore  favorable  for  lateral  stability. 

In  regard  to  turning,  the  "rudders"  can  be  flaps  on  the  struts  or 
pivoting  struts.  The  surfaces  selected  should  preferably  be  furthest 
from  the  CO.  Bow  steering  is  both  practical  and  useful  for  hydrofoil 
craft.  In  artificially  stabilized  systems,  banking  can  be  achieved  by 
providing  the  corresponding  rolling  moments  through  controlled 
differential  flap-  or  foil-angle  variations. 

As  mentioned  in  Chapter  6,  directional  stability  can  suitably  be 
judged  from  static  considerations.  The  lateral  areas  of  struts,  rudders 
(and  propellers)  must  be  selected  in  such  a  way  that,  under  consideration 
of  their  respective  moment  arms,  direct.'bnal  stability  is  assured.  The 
resulting  dimensions  of  struts  (and  other  lateral  components)  may  be 
different  from  or  may  even  be  opposed  to  dimensions  as  derived  from 
structural  or  other  considerations. 
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CHAPTER  lu  PERFORMANCE  CALCULATIONS 


Introduction 

1.  Propeller  Efficiency 

2.  Resistance  Function  of  Hydrofoil  Craft 

3.  Take-Off  Performance 

b.  Speed  and  Range 

5.  Turning  Characteristics 

Performance  aspects  of  hydrofoil  craft  are  presented 
in  this  chapter.  After  considering  propeller  efficiency, 
methods  are  listed  for  predicting  take-off  distance,  maximum 
speed  and  range  as  a  function  of  engine  power  and  hydro- 
dynamic  resistance.  Turning  characteristics  are  treated 
on  the  basis  of  lateral  force  available  in  the  foil  system, 
rather  than  as  a  function  of  power  and  resistance. 
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INTRODUCTION 

There  are  several  performance  characteristics  of  hydrofoil  boats 
which  can  be  analyzed  and/or  predicted.  The  most  important  ones  are 
maximum  speed,  take-off,  endurance,  range  and  turning. 

Calculation  of  performance  is  useful  in  basic  studies,  comparing 
hydrofoil  craft  to  conventional -type  ships  or  comparing  differen+ 
hydrofoil  systems  with  each  other.  Prediction  of  performance  is  also 
necessary  in  the  selection  of  the  machinery  required  and  as  a  basis 
for  the  structural  design  (hydrodynamic  loads). 

Figure  Ini  gives  a  resistance-speed  function,  representative  of 
a  certain  class  of  hydrofoil  systems.  This  illustration  serves  in 
defining  the  speeds  corresponding  to  the  performances  mentioned.  The 
maximum  speed  is  given  by  the  intersection  of  the  resistance  function 
with  the  curve  of  full -throttle  thrust  available.  Maximum  range  is 
obtained  for  minimum  resistance.  At  take-off,  certain  hydrofoil 
systems  show  a  humpj  a  check  on  take-off  distance  helps  determine 
whether  this  would  be  a  weak  point  in  performance.  There  are  other 
types  of  performance,  however,  which  do  not  depend  primarily  upon 
thrust  and  resistance j  such  a  consideration  is  turning. 
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V  speed  (in  ft/sec  or  in  knots) 

§  mass  density  of  water  (lb  sec^/ft.'1) 

q  =  0.5  §  V2  ■  dynamic  pressure 

S  planform  area  of  hydrofoil 

S0  disk  area  of  propeller 

T  propeller  thrust 

Cf  «  T/qS0  *  propeller  thrust  coefficient 

n  rotational  speed  of  propeller 

u  circumferential  velocity  of  propeller 

X  H  V/u  ■  advance  ratio  «  V/ifnd 
q  propeller-  or  propulsive  efficiency 

D  ■  R  *  drag  or  resistance 

Cq  *  D/qS  -  drag  coefficient 

L  lift  produced  in  the  foil  system 

a  k/qS  “  lift  coefficient 
tf  *  Cpp/Cj-g  -  parasitic  drag  ratio 

W  weight  of  a  craft  (in  lb) 

L/D  *  l/(R/W)  »  lift-drag  ratio 

R/W  ■  l/(L/d)  ■  resistance  ratio 

P  ’  engine  power  in  HP 

c  fuel  consumption  in  lb/HP  per  hour 

F  force  available  for  acceleration 

x  take-off  distance 

d  *  2r  =  turning  diameterj  also  propeller  diameter 

M  ■  W/g  -  mass  of  craft  \ 

Z  centrifugal  force  in  turning 

z  number  of  propeller  blades 


Subscripts j 

indicating  propeller  blades 
for  take-off  condition 
indicating  hull 
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GENERAL  RESISTANCE- SPEED  FUNCTION 
OF  HYDROFOIL  BOATS 

FIGURE  4. 1 
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pftQFF.DI.ER  EFFICIENCY 

As  far  as  performance  is  a  function  of  the  available  thrust, 
the  propeller  efficiency  has  a  certain  influence.  Using  convention 
al  propulsion  by  means  of  water  propellers,  the  characteristics  of 
such  propellers  are  basic  for  all  types  of  performance.  They  are 
discussed  as  follows. 

Induced  Efficiency 

Propellers  have  two  ways  of  dissipating  energy;  the  induced 
losses  involved  in  the  jet  of  water  (axial  velocity  and  ’'rotation") 
which  is  left  behind  -  and  frictional  or  parasitic  losses.  For 
the  induced  losses,  theory-*-  indicates  certain  minimum  values. 

The  corresponding  maximum  induced  efficiency  decreases,  as  shown 
in  Figure  U.2,  as  the  hydrodynamic  disk  loading  CT  B  T/q30  is 
increased;  and  it  also  decreases  as  the  advance  ratio  V/irnd 
of  the  propeller  is  increased.  The  number  of  blades  z  is  taken 
into  account  by  using  the  effective  advance  ratio  corresponding 


to  the  ratios  listed  as 

follows : 

for  z  «  2 

\/x  - 

2.35 

3 

m 

1.85 

-  a 

- 

1.63 

-  5 

X 

1  .L9 

"  oo 

tS 

1.00 
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Marine  propeller8  are  usually  designed  so  that  their  induced 
efficiencies  are  between  80  and  9$%. 
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DESIGN  EXAMPLE  NO.  h.I 

CALCULATION  OF  INDUCED  PROPELLER  EFFICIENCY 


In  designing  a  propeller  to  produce  a  thrust  oJ 
T  *  1000  lb  at  "  30  knots,  the  hydrodynamic  loading 
may  be  selected  to  correspond  to 

Ciji  -  T/cjSq  a  0.2 

where  T  ■  thrust  (in  lb) 

S0  *  d^/h  ■  disk  area 

and  the  dynamic  pressure 

q  -  0.5  5  V2  -  2600  lb/ft2 
The  required  disk  area  is  then 

SQ  -  1000/0.2  26 00  -  3.0  ft2 

and  the  diameter  is  d*1.6  ft.  For  an  assumed  propeller-shaft 
speed  of  n  *  2000  rpm,  the  ci?  cumferential  sneed  of  the 
propellers  tips  is 

u  -  dirn/60»170  ft/sec 

and  the  advance  ratio  is  (for  a  number  of  blades  z  -  3) 

X  «  v/u  -  1.7  30/170  -  0.33;  \  =  1.85X*0.6 
Figure  U.2  indicates  an  induced  efficiency  of  =  0.90. 
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Parasitic  Efficiency 

The  parasitic  losses  can  approximately  be  taken  into  account  by 


n  % 


where  6*  Cpp/C^g  *  average  or  effective  parasite-drag-lift  ratio  of  the 
propeller -blade  sections.  This  quantity  depends  upon  the  sectional 
shape  and  above  all  upon  the  average  lift  coefficient  Cjjg  at  which  the 
bladbS  are  designed  to  operate.  In  marine  propellers,  the  minimum 
drag-lift  ratio  is  in  the  order  of 

V  ’  °Dp/CLB  ‘  °-01/CIB  P*-2) 

To  avoid  the  onset  of  cavitation  (and  possibly  for  structural  reasons 
too)  the  solidity  of  marine  propellers  i3  usually  high,  the  blade- 
lift  coefficients  are  correspondingly  low  (below  Cj^  =0.1).  As  a 
consequence,  their  parasitic  losses  are  between  10  and  25%,  which  is 
appreciably  higher  than  in  air  propellers. 


Total  Efficiency 


Design  Example  No.  li.2  demonstrates  the  calculation  of 
total  efficiency.  Experimental  results  on  the  characteristics 
of  marine  propellers  are  presented  in  publications  such  as 
references  2  and  3. 
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Figure  Ii.3  presents  some  statistical  evidence  (taken  from 
Gibbs  and  Cox  files)  on  the  maximum  efficiency  of  marine  propellers 
as  a  function  of  the  speed  of  advance.  The  dick  loading  (in  tons/ft2) 
is  seen  increasing,  thus  keeping  the  thrust  coefficient  (C?)  roughly 
between  O.U  and  0.6.  Above  20  knots,  the  loading  increases  at  a 
lesser  rate,  however,  so  that  CT  is  reduced.  This  is  done  to  avoid 
cavitation;  and  the  efficiency  decreases  accordingly.  Operation 
of  such  propellers  above  a  design  speed  in  the  order  of  35  knots  - 
at  reduced  efficiency  -  can  only  be  maintained  for  short  emergency 
periods  of  time. 
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Hydrofoil  boats  are  usually  thought-of  as  operating  at  higher  speeds, 
between  30  and  f>0  knots.  Between  30  and  1*0  knots,  the  total  propeller 
efficiency  may  be  in  the  order  of  60%, 

In  conventional  displacement  ships,  the  resistance  increases  with 
speed  in  such  a  way  that  the  propeller  can  be  designed  to  operate  at  an 
approximately  constant  advance  ratio  A  ;  and  this  advance  ratio  can  be 
selected  to  coincide  with  maximum  efficiency.  Resistance  characteristics 
of  hydrofoil  boats  are  basically  different,  as  illustrated  in  Figure  li.l. 
The  resistance  is  comparatively  constant;  indeed,  hump  resistance  at  take¬ 
off  speed  (if  any  hump)  may  be  equal  to  the  resistance  at  maximum  speed. 

As  a  consequence,  the  propeller  is  necessarily  running  at  different  advance 
ratios  X  ;  and  it  is  no  longer  possible  to  have  nearly  maximum  efficiency 
throughout  the  operational  speed  range.  As  in  aviation,  it  seems  to  be 
necessary  to  design  the  propeller  for  maximum  efficiency  at  a  speed  which 
is  tentatively  $0%  of  the  maximum.  Somewhat  reduced  efficiency  has  to  be 
accepted  in  the  range  of  lower  speeds;  and  it  should  be  checked  that  take¬ 
off  is  insured.  A  very  suitable  application  in  hydrofoil  craft  would  be  a 
variable-pitch  propeller. 

Cavitatlng  Propellers 

As  mentioned  before,  high  speed  marine  propellers  (for  destroyers, 
for  example)  are  designed  with  a  view  toward  avoiding  cavitation. 

This  means  that  their  solidity  is  very  high  (in  the  order  of  70%)  to 
keep  the  thickness  ratio  and  the  lift  coefficient  in  the  blades  as 
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low  as  possible.  Their  efficiency  is  consequently  lowered  (by  some 
10  or  even  20$)  in  comparison  to  a  propeller  designed  for  more 
moderate  speeds.  However,  even  at  reduced  efficiency,  design  of  non- 
cavit-ating  propellers  no  longer  seems  to  be  possible  above  some  iiO 
knots.  Fully  cavitating  (and/or  ventilating)  propellers  have  been 
used,  however,  for  many  years  in  racing  motorboats,  up  to  the  present 
record  speeds  exceeding  150  knots.  It  has  also  been  reported  that 
such  propellers  do  not  exhibit  erosion  -  evidently  because  the  vapor 
bubbles  are  collapsing  in  the  fluid  space  behind  the  propellers 
(rather  than  on  the  blades). 

The  design  of  cavitating  propellers  is  still  hampered  at  the 
present  time  by  the  lack  of  an  adequate  theoretical  system  covering 
highly  solid  designs  and  cavitating  section  characteristics. 

Generally  it  can  be  stated,  however,  that  the  fully-cavitating  propeller 
can  be  optimized  for  cavitating  conditions.  For  example,  if  employing 
properly  cambered  pressure  sides,  the  characteristics  of  cavitating 
blade  sections  can  be  improved  over  those  of  the  flat-sided  shapes 
which  are  usually  applied  in  marine  propellers.  In  concluding,  it 
seems  possible  to  design  fully-cavitating  propellers  for  high  speeds, 
having  efficiencies  which  are  of  the  same  order  as  those  of 
destroyer-type  propellers. 
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There  are  other  possibilities  of  water  propulsion  such  as  the 
so-called  pump  jet  (where  the  propeller  is  located  inside  an  expanded 
lower-speed  enclosure).  Such  devices  will  not  be  discussed  here, 
however.  In  higher  speeds,  propulsion  by  means  of  air  propellers  has 
also  been  applied.  Efficiencies  in  the  order  of  70 %  appear  to  be 
realistic  at  speeds  in  the  vicinity  of  60  Knots.  For  lower  speeds, 
the  efficiencies  of  air  propellers  are  probably  not  as  high  as 
those  of  water  propellers  -  unless  excessively  large  diameters  are 
employed. 
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2.  RESISTANCE  FUNCTION  OF  HIDROFOIL  CRAFT 


Detailed  information  on  the  drag  of  various  components  of 
hydrofoil  systems  is  presented  in  various  chapters  of  the  second 
volume  of  this  handbook.  Chapter  1  of  this  volume  also  gives  infor¬ 
mation  on  the  total  resistance  of  various  tested  hydrofoil  boats 
(mostly  in  flying  condition).  Resistance  is  also  discussed  in  the 
following,  this  time  in  a  more  summary  manner. 

Generally,  there  are  three  components  of  drag  in  hydrofoil  craft, 
the  hull  resistance  (plus  foil-system  drag)  in  floating  condition, 
the  parasitic  resistance  of  the  foil  system  _ind  the  induced  drag  of 
the  hydrofoil. 

Hull  resistance  can  best  be  estimated  on  the  basis  of  towing-tank 

results,  such  as  those  in  reference  h,  for  example.  The  influence  of 

\ 

unloading  is  indicated  in  the  later  section  on  take-off. 


Parasitic  Drag 


The  parasitic  drag  of  a  plain  hydrofoil  is  in  the  order  of 

Dp  *  cDp  q  s  (h.3) 

where  q  »  dynamic  pressure 

S  *  planform  area  of  foil 

and  the  profile-drag  coefficient  in  the  order  of  Cpp  =  0.01. 
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Very  roughly  it  can  be  said  that  in  average  clean  hydrofoil  systems 
(including  struts  and  appendages)  Cpp  is  doubled  (is #0.02).  Using 
this  value,  equation  (ii.3)  indicates  the  parasitic  drag  component  as 
illustrated  in  Figure  li.l. 


The  minimum  induced  drag  of  a  fully-submerged  plain  foil 
corresponds  to 

CDi  *CL2/lfA  (fc.U) 

where  ■  lift  coefficient 

A  ■  aspect  ratio  of  the  foil 


The  induced  drag  of  a  hydrofoil  system  is  higher,  however,  because  of 
the  proximity  of  the  water  surface  (biplane  effect)  and  on  account  of 
effects  such  as  planform  shape,  downwash  (if  any),  strut  interference 
and  ventilation  at  piercing  ends  (if  any).  Very  roughly,  it  can  be 
said  that  the  drag  due  to  lift  too  is  doubled  as  against  the  coefficient 
indicated  in  equation  (h.it). 


Summarizing,  the  resistance  of  a  hydrofoil  system  (in  flying  con¬ 
dition)  can  roughly  be  estimated  through  equation  (h.3),  with  the  drag 
coefficient  given  by 
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lOENTIAl, 

It  should  be  noted  that  the  parasitic  component  of  drag  (in  pounds) 
increases  as  the  square  of  the  speed,  while  the  induced  component 
decreases  considerably  as  the  speed  is  increased.  As  a  conse¬ 
quence  a  function  of  resistance  against  speed  is  obtained  which  is 
basically  different  from  that  in  displacement  vessels. 

In  the  design  of  a  hydrofoil  boat,  the  resistance  calculations 
must  be  carried  out  using  accurate  values  for  the  drag  coefficients. 
One  and  the  same  craft  will  also  have  somewhat  different  resistance 
as  a  function  of  loading.  The  outlined  procedure,  using  the  rough 
values  as  indicated,  may  serve,  however,  to  give  a  general  feeling 
for  the  mechanism  of  resistance  in  this  type  of  craft.  To  be  sure, 
foil  systems  which  change  their  submerged  area  during  operation 
(surface-piercing  wVn  foils,  for  example),  have  a  somewhat  different 
composition  of  resistance. 
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DESIGN  EXAMPLE  NO.  3 
CALCULATION  OF  FOIL  RESISTANCE 

a)  A  lift  coefficient  suitable  for  high-speed  operation  may 
be  Cl  *  0.2.  For  an  assumed  aspect  ratio  of  A  ■  8,  the 
induced  coefficient  is  then  in  the  order  of 

CD1  -  2  0.22/8it»  0.003 

On  the  basis  of  a  parasitic  drag  coefficient  C^p  »  0.02, 
the  total  coefficient  is  0.02  +  0.003  ■  0.023  in  this  case 
and  the  ratio  D/L  *  C^/C^  is  equal  to  0.023/0.2  *  11.5% 

b)  In  a  fully-submerged  foil  system,  the  lift  coefficient 
increases  as  the  speed  is  reduced,  in  the  proportion  of 
CL~1/V2.  At  half  the  maximum  speed,  for  instance,  C-^  is 
four  times  the  value  at  Vmax  which  is  C^  *  0.8  in  the 

v. 

example  considered.  Since  the  induced  drag  coefficient  is 
proportional  to  C^,  this  coefficient  varies  as  (l/v^4). 

For  the  conditions  assumed,  therefore,  Cj^  *  16  0.003  = 
0.0L8  and  the  total  drag  coefficient  CD  «  0.02  +  0.0U8 
■  0.068.  The  corresponding  resistance  ratio  is  d/L  » 
0,068/0.8  *  8.5£>  at  half  maximum  speed. 
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General 

Every  hydrofoil  system  requires  a  certain  minimum  speed  (minimum 
dynamic  pressure)  before  it  is  able  to  lift  the  craft's  weight  clear  of 
the  water.  During  the  take-off  run,  resistance  is  roughly  that  of  the 
hull  in  floating  condition  plus  that  of  the  foil  system.  This  resistance 
increases  with  speed,  from  zero  to  a  certain  value  which  is  in  many 
designs  a  hump.  The  minimum  flying  speed  (with  the  hull  above  the  water) 
corresponds  to  the  maximum  available  lift-over-dynamic -pressure  value 
of  the  foil  system.  In  fully  submerged  designs  this  usually  means  the 
maximum  lift  coefficient.  In  surface -piercing  and  for  multiple -panel 
systems,  the  maximum  submerged  foil  area  is  applicable  at  the  take¬ 
off  speed. 

\. 

Take-off  analysis  includes* 

(a)  take-off  speed  **  minimum  flying  speed 

(b)  resistance  in  the  take-off  range 

(c)  take-off  distance. 

Take-Off  Speed 

During  the  take-off  run,  the  hydrofoil  system  develops  lift, 
starting  from  zero  at  lowest  velocities  and  increasing  with  speed 
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according  to  some  function,  to  the  condition  where  lift  L  equals  the 
weight  W.  Generally, 

L  *  CLqS  -  CL  0.5  ^  V2S  ( 

where  ■  lift  coefficient 
q  *  dynamic  pressure 
S  *  submerged  foil  area 
^  »  water  density 

For  L  ■  W,  the  take-off  speed  is  accordingly 


DESIGN  EXAMPLE  NO.  h.h 
TAKE-OFF  SPEED 


What  is  the  take-off  speed  of  a  10-ton  boat,  having  a  foil 

A 

area  of  25  ft  and  operating  at  take-off  speed  at  a  lift 
coefficient  of  ■  0.8  ? 

ForW/S  •  22100/25  -  900  lb/ft2,  and  j  -  2  lb  sec2/ft\  th 
take-off  speed  is 

900  2  -p+ 

VT  "  1  ~  -,-g  **  33  il.  **  20  knots 

*  2  O.o  sec 
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It  may  be  possible  in  certain  designs  to  utilize  fully  the 
maximum,  hydrodynamically  possible  lift  coefficient  of  foil  section 
and  wing  arrangement  involved.  In  this  respect,  approximate 
sectional  values  are  as  follows: 


symmetrical  sharp-nosed  section 
symmetrical  round-nosed  section 
average  circular-arc  section 
favorable  aviation-type  section 


n 

Lmax 


^  1.0 


1.2 


1.2 


1.5 


However,  in  actual  operation  these  values  may  not  be  reached  because 
of  the  following  reasons: 


(a)  Non-uniform  lift  distribution  along  the  span. 

(b)  Struts  and  other  parts  may  disrupt  the  lift  distribution. 

(c)  Because  of  dynamic  lift  variations  in  time,  the  effective  value 
may  be  somewhat  lower  than  the  static  maximum. 

(d)  In  tandem  and  similar  systems,  orb  foil  may  reach  the 
maximum  while  the  other  is  still  below  maximum. 

(e)  In  proximity  of  the  water  surface,  the  maximum  lift 
coefficient  may  be  lower  than  in  unlimited  flow. 

To  quote  one  experience,  'the  maximum  coefficient  in  Gibbs  and  Cox's 
tandem-foil  Research  Craft^  was  found  to  be  Cjj^  ■  0.9,  while  the 
expected  value  of  the  19^  thick  symmetrical  round-nose  section  employed 
is  in  the  order  of  1.1*>. 
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Take-Off  Resistance 

In  designing  a  foil  system,  its  parasitic  resistance  may  be 
known  in  flying  condition.  This  type  of  resistance  should  then  be 
increased  on  account  of  all  components  (struts,  propulsion  parts) 
which  are  more  deeply  submerged  during  take-off  as  compared  to  the 
flying  condition. 

The  induced  drag  during  the  take-off  run  depends  upon  the 
percentage  of  craft  weight  taken  in  lift  by  the  foil  system.  This 
lift  depends  on  the  angle  of  attack,  which  for  a  fixed  foil  depends 
on  the  trim  of  the  craft  during  take-off  (for  a  controllable  foil, 
the  angle  of  attack  may  be  varied  as  desired).  In  general,  it  may 
be  suitable  to  consider  CL  to  be  constant  through  the  take-off 
range  (equal  to  CLT  -  the  lift  coefficient  at  take-off).  The  induced 
drag  can  then  be  calculated  according  to  the  principles  presented  in 
Volume  II  of  this  Handbook. 

As  the  foil  system  develops  lift,  the  weight  supported  by  the 
hull  (the  hull's  displacement)  decreases  during  take-off,  reaching 
zero  as  the  take-off  speed  is  attained.  The  hull  resistance  decreases 
accordingly.  This  resistance  is  essentially  a  skin  frictional  com¬ 
ponent,  proportional  to  the  wetted  area,  plus  a  wave-making  component 
which  is  a  function  of  the  displaced  volume  (weight)  of  water  (and  of 
Froude  number,  of  course).  As  suggested  in  Reference  6,  the  frictional 
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component  decreases  only  little  as  the  hull  is  unloaded;  subsequently 
this  component  drops  "suddenly”  to  zero  as  the  hull  finally  separates 
from  the  water.  For  the  hulls  investigated  in  Reference  6,  the 
residual  resistance  varies  approximately  in  proportion  to 


,  2  ,  2 
/M  =  / w-A  „  / : 
[  w/  \  w  /  V 


load  on  the  hull] 
total  weight  f 


(b.8) 


This  function  is  valid  for  constant  speed  (or  Froude  number). 
Knowing  the  resistance-speed  function  of  the  fully  loaded  hull,  the 
resistance  in  more  or  less  unloaded  condition  is  then  approximately 


R  Rf 


*  ♦  h.  flal 

o  "o  V W  ) 


where  Rq  *  resistance  f(V)  \ 

Rf  *  friction  component  >  in  fully  loaded  condition 
R_  »  residual  component  ) 


Actually,  the  frictional  resistance  may  somewhat  decrease  during  the 
process  of  unloading,  depending  upon  shape  and  trim  of  the  hull. 


Take-Off  Distance 

After  having  determined  the  resistance-speed  function,  the  length 
of  the  take-off  run  can  be  calculated  as  explained  in  Reference  6.  - 
The  acceleration  from  rest  to  take-off  speed  corresponds  to  the 
differential  between  the  available  propeller  thrust  T  and  the  resist¬ 
ance  of  hull  plus  foil  system.  This  differential  or  ■unbalanced  thrust 
force  is  utilized  in  accelerating  the  craft: 
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F  ■  T  -  R  “  M  dV/d(tirae) 


(.  Ji.  10) 


where  M  *  W/g  =  mass  of  the  craft. 


The  take-off  distance  is  then 


x  -  0 


r 

W  1  1 

•57Jt 


•d(v2) 


(U.ii) 


Rewritten  in  terms  of  the  dynamic  pressure  q  =*  0.5  ^  V  ,  this  function 


is 


qf 

-L  .  fi 

r  J0  F 


dq 


CU.12) 


where  ■  unit  weight  of  water 

T  *  indicating  condition  at  tai-re-off  speed 

As  illustrated  in  Figure  Inb,  this  equation  can  be  solved  graphically 
by  plotting  (l/F)  against  q.  The  area  under  the  curve  represents  the 
take-off  distance  x. 

Using  an  average  (effective)  value  for  F,  and  after  substituting 
the  dynamic  pressure  at  take-off 


qT  -  (W/S)/CLT 


(L.13) 
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GRAPHICAL  INTEGRATION  OF  TAKE ‘OFF 
OISTANCE 

FIGURE  4.4 


equation  U - 5  becomes 

W  w/S 

Fav  Clt 

where  S  *  foil  area 

CLT  ■  available  lift  coefficient  at  take-off. 


(U.lU) 
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The  distance  is  thus  proportional  at  least  to  the  square  of  the 
weight  W. 

The  force  Fav  is  naturally  depending  upon  the  power  installed 
in  the  craft  as  well  as  upon  the  hydrodynamic  resistance.  If  knowing 
the  hump-  or  take-off  value  of  F,  denoted  as  Fji,  the  average  force 
is  roughly 

T  ♦  3  F» 

Fav  •  -t- - -  (U.1S) 

u 

where  T0  «  full  throttle  thrust  at  V  »  0. 

Vertical  Rise 

In  airplanes,  the  vertical  motion  during  the  take-off  run  is 
negligibly  small  In  comparison  to  the  horizontal  distance  (let's  say 
in  the  order  of  1  to  1000).  In  hydrofoil  boats,  this  ratio  is  much 
greater,  however,  posslbfy  in  the  order  of  1  to  10.  Some  power  has 
to  be  expended  in  lifting,  the  craft.  Reference  U  suggests  a 
corresponding  increase  of  the  take-off  distance  in  the  order  of 

Ax-  «  hW/FT  ( U.  16) 

where  h  -  vertical  rise  of  the  craft 
Fij  *  (T  -  R)  at  take-off  speed 

The  additional  distance  (equation  ii.16)  is  not  Just  a  small 
correction;  in  .practical  cases,  it  seems  to  have  a  magnitude  similar 
to  the  basic  run  (equation  h.lh). 
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DESIGN  EXAMPLE  NO.  1*.$ 
TAKE-OFF  DISTANCE 


What  is  the  take-off  distance  (from  rest  to  flying)  of 
Gibbs  and  Cox's  20  ft  Research  Craft  having  W  -  2100  lbs, 
W/S  *  130  lb/ft,  a  take-off  speed  of  7  knots,  a  vertical 
rise  h  *  2.8  ft,  an  unbalanced  thrust  of  170  lbs  at  take¬ 
off  speed,  and  a  T0  ■  1*00  lbs  ? 


Equation  l*.i5i 

^av 

■  (ItOO  *  3*170)/*  - 

228 

lbs 

Equation  l*.ll*t 

X 

-  iiea.  -12° 

228  61*  0.8 

21* 

ft 

Equation  l*.l6t 

Ax 

-  2.8  2100/170 

35 

ft 

The  total  run  would  thus  be  59  ft;  tested  were  some 
60  or  62  ft. 5 
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h.  SPEED  AND  RANGE 


Maximum  Speed 


As  indicated  in  Figure  U.l,  the  maximum  speed  is  evidently  a 
function  of  resistance  and  available  powers 

Pup  -  Vto°taHlb  .  .  Vknots  -  326  i’HP/S.b  (li.1T) 

*.  >|p  326  */v 

where  ■  mechanical  efficiency 

ijp  -  propeller  efficiency 


DESIGN  EXAMPLE  NO.  Is. 6 


MAXIMUM  SPEED 


As Bioraing,  for  instances 
W  *  10  tons 


500  BHP 


the  maximum  apfed  (equation  a. 17)  is 

Vmax  “  326  P9°  -  39  knots 

0.1  22,UOO 


The  question  may,  however,  be  the  other  way  around:  what  is 
the  power  required  to  drive  the  assumed  craft  at  a  speed  of 
39  vnots?  Using  again  equation  (la. 17): 

p  -  39  22t*Q  -  -  500  HP 
0.9  0.6  326 
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Naturally,  the  resistance  of  the  foil  system  may  somewhat 
increase  by  fouling  or  damage  (surface  roughness).  Also,  the  power 
output  of  the  machinery  may  deteriorate  with  time,  thus  reducing 
maximum  speed.  It  should  also  be  kept  in  mind  that  the  usual  resist¬ 
ance  predictions  do  not  include  the  additional  drag  caused  by  waves  and 
the  dynamic  motions  of  the  craft  when  operating  in  a  seaway. 

Cruising  Speed 

Cruising  speed  may  be  defined  in  a  more  or  less  arbitrary  manner. 
However,  one  distinct  speed  in  many  hydrofoil  craft  is  that  at  which 
the  resistance  has  a  minimum  value  (see  Figure  li.l).  At  this 
speed,  the  induced  drag  coefficient  is  equal  to  the  "constant"  parasitic 
coefficient.  The  lift  coefficient,  at  which  the  minimum  occurs,  can 
therefore  be  evaluated  from  equation  (ij.ii)j 

V 

s 

®Lopt  "  1 1 Cjjp  tT  A/2  (ii.18) 

Employing  the  basic  definition  of  the  lift  coefficient  (equation  li.6),  for 
L  ■  W,  the  dynamic  pressure  at  which  the  optimum  occurs  is  found  to  be 

«opt  •  “““■  (Iul9) 

CLopt 

The  corresponding  speed  follows  from 

Vt  -  U-.20) 
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i 


|- 


I 


where  ^  ■  water  density 

W  ■  weight  of  the  craft 
S  ■  planfonn  area  of  foil 

At  this  speed,  the  craft  reaches  a  maximum  range. 

Range 

As  indicated  by  Breguet's  equation,  quoted  by  Diehl?,  the 
range  is 

w 

Range  (nautical  miles)  »  750  log-2-  (ii.21) 

cD  wx 


where  rj  » 

propulsive  efficiency  -  r|p 

c  ■ 

fuel  consumption  in  lb/HP  per  hour 

L/D  - 

w/R  *  average  lift -drag  ratio 

Wo  - 

initial  weight 

Wx  " 

V 

final  weight 

DESIGN  EXAMPLE  NO.  It. 7 
CALCULATION  OF  RANGE 

What  is  the  range  of  the  craft,  defined  in  the  preceding 
example,  having  one  ton  fuel  in  the  total  weight  of  10 
tons,  for  an  optimum  R/V  ■  6%  and  a  fuel  consumption  c  • 
0.5  lb/ftp  per  hour? 

W0/wx  -  10/9 |  log(10/9)  -  0.0U6 

Ranee  »  750  0.514  0.0h6  „  ^55  nautical  miles 

K  0.5 oToB 
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Practical  aspects  of  range  in  the  design  of  hydrofoil  craft 
are  presented  in  Chapter  3. 

Endurance 

The  endurance  is  according  to  Breguet? 

Endurance  (hours)  -  650  L.  H/.c  f— L-  _  1  1  (b.22) 

^knots  LWxlb  W0ibj 

where  notation  is  as  indicated  in  connection  with  equation  (lj.21).  The 
maximum  endurance  is  found  somewhere  between  the  speed  of  maximum  range 
and  the  minimum  flying  speed j  that  is,  at  the  point  where  in  Figure  h.l 
the  term  (V  times  R)  reaches  a  minimum.  In  many  designs,  this  speed 
of  maximum  endurance  is  close  to  the  minimum  speed. 

Range  and  endurance  are  necessarily  limited  in  those  hydrofoil 

\ 

boats  which  are  designed  for  higher  speeds.  This  is  not  so  much 
because  of  the  resistance  ratio  (which  is  favorable  in  comparison  to 
other  higher-speed  craft)  -  but  rather  because  of  the  bigger  and  heavier 
machinery  required  for  these  higher  speeds.  As  explained  in  Chapter  2, 
the  Increased  machinery  weight  takes  away  a  considerable  portion  of  the 
weight  fraction  which  is  otherwise  available  for  fuel  (and  pay  load). 
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5.  TURNING  CHARACTERISTICS 


Available  Information  on  turning  performance  is  little  -  so  far. 
General  aspects  on  which  diameter  and  time  in  a  complete  steady-state 
circle  depend,  are  as  follows. 

General 

Turning  is  naturally  a  matter  of  control  and  stability.  Rudder 
and  lateral  hydrodynamic  characteristics  of  the  foil  system  have  to  be 
adequate  so  that  turning  can  be  performed.  Such  conditions  and  a 
sufficient  amount  of  engine  power  (to  overcome  added  resistance)  shall 
be  assumed  to  exist. 

As  illustrated  in  Figure  U.5,  a  centripetal  force  FlateroI  is 
required  in  a  turn,  to  support  the  mass  of  the  craft  against  the 
centrifugal  force  Z.  This  force  Is 

z  •  M  vVr  ■!*  v2/qd  -  -Flat.ral  (t.23) 

where  d  *  2r  •  diameter  of  turning  circle 
M  *  W/q  ■  mass 
V  -  tangential  speed  of  craft 

It  is  explained  in  Chapter  6  of  this  volume,  that  F^atera^  is  produced 
in  certain  lateral  areas  (or  by  banking)  of  the  foil  system. 
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GEOMETRICAL  CONDITIONS  IN  TURNING 

FIGURE  4.5 


FTQENTIAL 
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Turning  Performance 


Solving  equation  (it. 23)  for  the  turning  diameter: 


2r - 


2  V‘ 


g  Flat^  g  a/g 


2  2  / 
—  -  2  V  /a 


(U.2U) 


where  a/g  ■  F^at^  *  centripetal  acceleration  ratio 


In  a  fully  submerged  design,  the  available  lateral  foil-system  force 
Flat  h*  proportional  to  V2.  in  this  case,  therefore,  the  diameter 
is  indicated  by  the  derived  equation  to  be  independent  of  the  speed. 

In  a  surface-piercing  system  with  essentially  constant  lift  coefficient. 
Flat/1!  1®  increasing  (together  with  submergence  and  wetted  foil  area) 
as  the  speed  of  operation  is  decreased.  By  comparison,  therefore,  this 
type  of  hydrofoil  boat  is  expected  to  turn  in  smallest  circles  at  lowest 
speeds. 

Referring  the  turning  diameter  to  the  length J[  of  the  craft's  hull 

*4  -  2Fj2  W/Flat  (h.2$) 

where  ljj  -  v/£T-  Froude  number  on  J[. 

This  equation  indicates  that  for  a  given  type  of  foil  system  (with 
Fiat/to  ■  constant),  the  turning  diameter  increases  in  proportion  to 
the  square  of  the  speed  for  which  the  boat  is  designed  (dimensions 
are  variable  in  this  case  rather  than  fixed  as  in  the  preceding 
paragraph ) . 
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Other  Considerations 

As  mentioned  before,  aspects  of  stability  and  control  have  been 
disregarded  here.  It  should  also  be  mentioned  that  in  tandem  systems 
the  rear  foil  is  put  to  a  much  higher  angle  of  yaw  in  turning 
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(see  in  Figure  in  5)  than  the  forward  foil.  Generally  it  may,  therefore, 
not  be  possible  to  obtain  a  maximum  of  forces  (and  moments)  helpful 
in  turning  in  each  of  the  two  foils  of  such  systems..  This  problem 
is  less  important,  however,  in  "singie^-foil  configurations  (where 
one  foil  carries  most  or  all  of  the  load). 

Practical  experience  in  turning  performance  is  limited. 

O 

^chertel0  mentions  for  his  surface-piercing  designs,  diameters  in 
the  order  of  3  to  7  times  the  hull  length.  The  Gibbs  &  Cox  tandem 
Research  Craft-*  showed  a  minimum  ratio  d  /Jt  *  in  2,  with  a  submerged 
(controlled)  foil  system,  utilizing  end  plates. 
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CHAPTER  5.  STRUCTURAL  CONSIDERATIONS 


1.  Introduction 

2.  Load  Criteria  ’and  Loading 
of  Foils  and  Struts 

3.  Structural  Design  of 
Foils  and  Struts 

U.  Hull -Structural 
Considerations 

5.  Materials 


Structural  load  criteria  and  resulting  loading  conditions  based 
on  average  and  maximum  sea  conditions,  are  advanced  for  foil-strut 
configurations  and  hulls.  Approximate  formulas  are  given  to  determine 
preliminary  dimensions  of  foil  and  strut  scantlings;  methods  to 
determine  hull  load  values  are  indicated.  Typical  materials  for  use 
in  the  construction  of  hydrofoil  craft  are  also  discussed. 
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■  i  •  initial 


INTRODUCTION 


The  principles  of  structural,  design  for  hydrofoil  craft  are  simply 
adapted  from  the  fundamental  design  principles  of  aircraft  wings  and  uf 
hulls  in  shipbuilding.  There  are  essentially  no  new  problems  involved 
in  the  analysis  and  the  design  of  hydrofoil  structures  once  the  loadings 
of  the  various  components  are  known.  It  is  in  the  establishment  of  load 
criteria  and  the  derivation  of  loading  conditions,  however,  that  there 
is  little  information  with  respect  to  hydrofoil  craft. 

There  has  been  no  systematic  advancement  of  structural  design 
criteria  due  to  the  fact  that  hydrofoil  craft  have  generally  been 
experimental  in  nature,  with  only  a  few  small  craft  in  actual  service 
operations.  The  fact  that  most  boats  that  have  been  built  and  operated, 

are  small  and  light  in  weight  has  minimized  structural  requirements „ 

\ 

Also,  in  the  interest  of  demonstrating  craft  feasibility,  overly  strong 
foil-strut  structures  have  been  provided  in  many  instances  to  insure 
against  structural  failure.  It  has  not  been  of  particular  interest  in 
these  cases  to  determine  accurate  or  probable  loading  values;  and  there 
was  usually  little  prior  experience  to  fall  back  on. 

In  several  instances,  foil  load  factors  and  loading  conditions  have 
b'“-  r:  advanced  for  particular  types  of  craft,  based  on  data  obtained  from 
nmll  models  or  experimental  craft  of  the  same  configuration.  Hov-vev, 
'•here  has  been  little  service  experience  to  indicate  whether  the  ■  : 
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those  factors  would  provide  a  satisfactory  structure  or  one  i ■ 
inherently  weak  or  overly  strong. 

Generally,  then,  the  underlying  reason  for  the  lack  of  repre¬ 
sentative  load  criteria  and  adequate  loading  conditions  is  the  lack 
of  experience  in  hydrofoil  operations.  Most  craft  have  not  been  in 
service  long  enough  to  allow  investigation  of  fatigue  limitations,  have 
not  experienced  the  extreme  conditions  anticipated,  or  have  not  been  of 
such  size  or  intended  service  to  require  a  minimization  of  structural 
weight.  Little  has  been  done  or  is  available  on  structural  tests  of 
hydrofoil  configurations,  particularly  in  regard  to  stresses  experienced 
in  operation  and  the  conditions  under  which  they  occur. 

The  load  criteria  presented  herein  and  the  loading  conditions 
derived  for  use,  have  generally  been  adopted  by  Gibbs  &  Cox,  Inc.  in  the 
design  of  hydrofoil  structures,  pending  the  development  of  more  refined 

v 

information  as  experience  increases.  It  is  considered  that  the  loads 
derived  are  conservative  to  a  degree  which  varies  (to  some  presently 
unknown  extent)  with  the  type  of  configuration  and  the  intended  service 
of  hydrofoil  craft.  The  criteria  are  not  so  conservative,  however,  as 
to  penalize  performance  by  the  burden  of  excessive  structural  weight. 

It  is  not  considered  within  the  scope  of  this  chapter  to  present 
detail  structural  design  methods  and  analyses.  Rather,  approximate 
methods  and  relationships  suitable  for  roughing  out  an  adequate  foil- 
strut  system  arc-  presented  to  be  used  in  deriving  preliminary  si  res  and 
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arrangements.  A  method  for  determining  virtual  hull  weight:;  a 
function  of  foil  loading  is  also  presented  for  use  in  analyzing  h.Ji 
girder  stresses. 

The  various  factors  that  Influence  the  choice  of  materials  for 
the  foil-strut  configuration  and  for  the  hull  have  also  been  indicated, 
without  going  into  detail  as  to  the  comparative  qualities  of  the  various 
materials. 
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No  '.aid  on 


CLopfc 

dO( 

Cg 

dif 


foil  lift  coefficient 

foil  lift  coefficient  due  to  camber 

lift  curve  slope  of  the  foil 

side  force  coefficient 

side-force-curve  slope  of  the  strut 


V 

Vk 

H 

X 

N 

T 

L/S 

Al/s 

LEl 

Sg 

W 

Wt 

h 

f 


speed  of  craft 

speed  of  craft  in  knots 

wave  height  (crest  to  trough  -  ft.*) 

wave  length  -  ft 

number  of  cycles  of  loading 

specified  service  life  of  craft  -  hrs 

design  loading  of  foils 

additional  loading  of  foils 

side  loading  of  struts 

total  load  on  foil  (L  +  /L L) 

foil  weight,  lbs 

foil  submergence 

frequency  of  wave  encounter 

orbital  velocity  of  water  particles 

flap  effectiveness 

flap  deflection,  radians 

extreme  angle  of  strut  section,  radians 
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2.  LOAD  CRITERIA  AND  LOADING  OF  TOILS  AND  STRUTS 

Load  Criteria 

The  history  of  the  loading  experienced  by  a  hydrofoil  during  its 
operating  life  is  dependent  on  the  waves  that  may  be  encountered  at 
various  times  combined  with  the  operational  requirements  of  the  craft 
in  such  waves.  Thus,  if  all  the  operating  factors  were  known  -  if  the 
probabilities  of  the  sea  state  were  fully  accountable  and  the  operations 
of  the  craft  were  specified  as  to  speed,  maneuvers,  limiting  accelerations, 
etc*  -  it  would  be  possible  to  estimate  accurately  the  full  loading 
spectrum  of  hydrofoils.  That  is,  on  the  basis  of  probability,  the 
magnitude  and  frequency  of  all  the  loads  that  may  be  experienced  in  the 
lifetime  of  a  foil  could  be  specified,  and  the  hydrofoil  structure  could 
be  designed  on  the  basis  of  accurate,  representative  load  factors. 

However,  the  state  of  knowledge  of  the  various  factors  is  very 
limited,  at  the  •  '.ent  time.  It  is  only  within  the  past  few  years  that 
any  really  useful,  accurate  information  on  the  state  of  the  sea  has  been 
developed,  and  years  of  research  are  still  ahead,  before  such  information 
is  adequate  for  general  use.  The  actual  loading  experienced  by  hydro¬ 
foils  in  service  must  also  be  determined  by  various  measurements  on 
various  craft  under  various  conditions  before  valid  conclusions  can  be 
drawn.  Finally,  it  is  necessary  to  know  the  intended  service  of  a 
particular  craft  to  be  designed  or  analyzed  in  order  to  establish  the 
probable  operational  requirements  under  various  sea  conditions. 
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Therefore,  at  the  present  time,  load  spectra  cannot  be  I;.,, 
defined,  and  it  is  necessary  to  set  up  such  criteria  that  produce 
loadings  that  are  characteristic  of  those  expected  in  service. 

The  proposed  load  criteria,  for  the  loads  on  foils  and  struts, 
specify  that  the  loading  shall  be  investigated  under  the  following 
conditions! 

1.  The  magnitude  and  frequency  of  the  loading  under  the  average 
or  normal  conditions  of  operation  in  normal  sea  conditions. 

2.  The  magnitude  and  frequency  of  the  loading  under  maximum  sea 
conditions,  at  the  highest  negotiable  speed. 

3.  The  magnitude  of  the  loading  when  turning  at  the  highest 
possible  speeds  under  normal  and  maximum  sea  conditions. 

V 

.  > 

These  conditions  cover  normal  operations  where  the  loadings  occur 
frequently  (and  generally  at  higher  speeds)  and  abnormal  operations 
where  the  loadings  are  extreme  but  occurring  infrequently  (and  generally 
at  lower  speeds).  Depending  on  the  intended  service  of  the  craft, 
several  different  cases  may  have  to  be  investigated  under  each  condition 
to  determine  the  maximum  severity  of  the  loadings.  Thus,  for  a  craft 
normally  operating  at  a  cruising  speed  somewhat  lower  than  maximum  speed, 
the  loading  at  cruising  speed  will  be  less  severe  but  more  frequent  than 
at  top  speed. 
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Average  Loading  Conditions 

The  load  on  the  foils  and  stmts  that  would  normally  be  expected 
to  be  carried  is  the  design  load  needed  to  support  the  craft  in  flight 
(and  to  supply  the  necessary  forces  in  turning),  as  modified  by  tho 
influence  of  Surface  waves  that  normally  would  prevail. 

The  average  waves  to  be  met  by  a  hydrofoil  craft  are,  of  course, 
dependent  on  the  service  of  the  craft  and  the  waters  in  which  it  is  to 
operate.  A  summer  passenger  or  excursion  boat  operating  in  protected 
waters  is  less  subject  to  large  seas  than  an  ocean-going  patrol  craft. 

It  is,  therefore,  impossible  to  generalize  on  such  a  condition. 

However,  the  most  prevalent  sea  condition  in  all  waters  is  so  calm 
as  compared  to  the  more  severe  conditions  likely  to  be  encountered,  that 
the  loads  normally  experienced  would  be  comparatively  small.  Even  at 
very  high  frequencies,  the  resulting  low  stresses  in  the  structure  would 
generally  be  well  below  the  fatigue  limit. 

Therefore,  in  order  to  get  some  usable  design  information  from  this 
condition,  the  criterion  may  be  somewhat  restated.  The  waves  that  can 
be  negotiated  by  the  craft  at  its  design  (or  maximum)  speed  without 
appreciable  craft  accelerations,  may  be  considered  to  be  the  prevailing 
or  average  sea.  Extending  this  concept,  the  following  is  proposed  for 
the  average  or  prevalent  loading  condition* 
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The  craft  is  considered  proceeding  at  maximum  design  ,-r 
a  wave  of  height  equal  to  the  average  submergence  as  desig.' 
at  that  speed  (or  equal  to  the  air  gap  to  the  hull,  whichever 
is  less).  The  length  of  wave  is  assumed  to  be  20  times  the 
wave  height. 


The  maximum  instantaneous  loading  on  the  foils  can  be  considered 
to  occur  when  the  foil  is  below  the  position  of  maximum  wave  slope 
(maximum  vertical  orbital  velocity),  and  thus  at  the  design  submergence. 
The  additional  lift  generated  by  the  foil  under  these  conditions,  may 
be  generally  expressed  as 


dCj/doc  H  py 

Vm&x  2  *  A 


(5.1a) 


where  ACj^  is  the  additional  lift  coefficient 

dCi  v ' 

-  is  the  lift  curve  slope  of  the  foil  at  the  design 

^ **  submergence  (See  Volume  II  for  the  derivation  of 

this  function) 

Vmax  is  the  maximum  craft  speed 
h  is  the  design  average  foil  submergence 


is  the  orbital  velocity  of  the  water  at  the 
submergence  h 


H  is  the  wave  height  (crest  to  trough) 

A  is  the  wave  length 
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The  frequency  of  encounter  is  considered  to  be  the  average  bed¬ 
head  sea  and  following  sea  conditions i 


f  "  Vmax/ \ 


(5.1b) 


The  condition  where  the  craft  is  proceeding  in  beam  seas  must  be 
considered  for  the  lateral  forces  generated  on  the  struts.  The 
horizontal  orbital  velocity  is  a  maximum  at  the  crest  of  the  wave, 
where  the  submergence  is  1.5  times  the  design  submergence.  Then,  for 


each  strut 


'max 


dCs  ^  dCa/d<x.  £  i.£fhA 

dot  ^max  ^  ^ 


(5*2a) 


where  C 


s 


dCs 

dtp 


is  the  side  force  coefficient 
•  lateral  angle  of  attack 


is  the  side  force  curve  'dope  of  the  strut  at  the 
submergence  h  *  1.5  (See  Volume  II  for  the 
derivation  of  this  function) 

ia  the  orbital  velocity  of  the  water  taken  at  the 
average  submergence  3/bh 


'max 


is  the  maximum  craft  speed 


The  frequency  of  encounter  for  this  condition  is  then  the  natural  wave 
frequency! 

f  -  J g/2W  (5.2b) 
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For  surface-piercing  foils,  the  conditions  at  the  c- :  •' 
the  wave  in  head  or  following  seas  must  also  be  inves  ',ed, 
since  the  foil  is  more  deeply  submerged  (1.5  the  design  sub¬ 
mergence)  and  the  foil  structure  normally  above  the  water 
surface  becomes  loaded.  Also,  in  beam  seas,  surface-piercing 
foils  are  subject  to  differential  loads,  which  must  be 
investigated. 

Considering  the  limiting  case  where  the  wave  length  is  20  times  the 
height,  the  loading  can  be  generalized  for  any  craft  from  equations  (5.1) 
and  (5.2)  above.  Converting  speed  to  knots  and  rounding  off  the 
numerical  factors  for  simplicity,  we  get  for 


H4  ■  h4 


1/20 


In  Head  and  Following  Sea  Condition 


&L/S  -  Vkmax  dCj/doc 

»  ■  soovw^ta 


(5.3) 


In  Beam  Sea  Condition 


SF/Ss  -  2.15  JIT  vkmax  dCs/dip 
N  -  1800  T//h 


(5.M 


where  AL/S 


SF/S, 


is  the  additional  loading  on  the  normally  submerged 
foil,  lb/ft2 

is  the  side  force  loading  on  a  strut  from  the  foil 
to  1.5h,  lb/ft2 


f'hmax  the  maximum  craft  speed,  knots 

i  is  the  design  foil  submergence,  feet 
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Maximum  Load  Conditions 

The  conditions  of  maximum  loading  are  those  in  which  the  craft  is 
operating  in  maximum  waves.  The  ability  of  a  craft  to  maintain  flight 
under  severe  wave  conditions  is  a  function  of  its  configuration, 
control  features,  speed,  and  the  characteristics  of  the  waves  encountered. 
It  is  assumed  for  the  purpose  of  assigning  loading  values  on  the  structure, 
that  a  craft  specified  to  operate  in  certain  waters  should  be  able  to 
maintain  flight  under  the  maximum  sea  conditions  expected  in  those  waters. 
At  least,  it  should  be  able  to  negotiate,  at  some  reduced  speed,  a 
majority  of  the  waves  encountered  (although  not  necessarily  the  most 
extreme  waves  that  occasionally  arise). 

The  only  correlated  information  available  on  actual  sea  character¬ 
istics  is  that  obtained  by  Scripps  Institute  of  Oceanography^  for  the 
most  severe  waves  experienced  in  northern  oceans,  as  shown  in  Figure 
5.1,  curves  MB”  and  "C”.  From  these  data,  maximum  sea  conditions  can 
be  rationalized,  as  follows: 
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is  the  lift  curve  slope  of  the  foil  at  sue. 

is  the  side  force  curve  slope  of  the  strut  a*  >  p* 
submergence  l.fjh 

is  the  number  of  cycles  of  loading 

is  the  specified  service  life  of  the  craft,  hours. 
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MINIMUM  LENGTH/HEIGHT  RATIO  OF  WAVES  IN  NORTHERN  OCEANS 
_ _ _ FIGURE  5.1 
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The  curve  identified  in  Figure  5.1  as  "most  probable  re.-...,.  -■  :  ;iir 
for  any  given  year"  (curve  WBW)  is  considered  to  represent  *  do 
average  of  the  l/lOth  highest  waves  that  may  be  experienced  at- 
sea.  The  curve  identified  as  M relationship  for  most  extreme 
conditions  over  a  long  period  of  time”  (curve  ”C")  is  considered 
to  represent  the  most  extreme  wave  that  may  arise  out  of  the 
group  of  waves  that  occur. 

From  statistical  analyses,  as  indicated  by  Pierson1,  the  “average 
sea”  that  would  prevail  under  these  maximum  conditions  would  be 
l/2  as  high  as  that  for  the  l/lOth  highest  waves,  and  is  shown 
as  curve  "A”  of  the  figure.  Another  point  is  that  one  wave  in 
twenty  (1/20)  will  be  a  l/lOth  highest  wave.  Extreme  waves  have 
no  probability*  that  is,  they  are  not  expected  to  be  encountered 
at  all  and  may  be  considered  to  occir  only  “once  in  a  lifetime”. 

It  appears  reasonable  to  assume  that  the  maximum  waves  for  any 
body  of  water  possess  the  Characteristic  A/H  values  shown  in  Figure  5.1, 
for  all  waves  up  to  the  longest  wave  that  can  be  generated  in  that  body 
(which  may  be  determined  from  experience  or  estimated  by  Pierson's 
method1).  An  exception  must  be  made,  however,  in  shallow  water,  par¬ 
ticularly  when  waves  are  progressing  from  deeper  water  (such  as  at  the 
shore  line,  or  at  shoals).  There,  the  most  severe  waves  approach  the 
limiting  value  of  X/H  *  7* 
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From  equations  (5*1)  and  (*>.2)  given  above,  the  additional 
loadings  may  be  generalized  in  terms  of  wave  characteristics  and 
craft  speed  in  knots 


M  .  12  M  ^ 

S  dot 


(5.5) 


(sf)  ¥  ^  e-ffhA 

s8  vx 


(5.6) 


The  craft  speed  and  wave  characteristics  must  be  determined  in  order 
to  derive  the  loading  values. 


The  maximum  speed  of  the  craft  is  necessarily  reduced  in  maximum 
seas  for  several  reasons.  First,  in  order  to  negotiate  waves  of  a 
height  greater  than  the  foil-hull  clearance,  the  craft  must  "track"  the 
waves  to  some  extent  resulting  in  vertical  accelerations  which  are  too 
severe  for  high  waves  unless  the  craft  speed  is  appreciably  reduced. 
Secondly,  there  is  a  reduction  in  speed  due  to  the  average  increase  in 
drag  Of  the  craft  operating  in  waves.  The  reduction  in  speed  must  be 
determined  individually  for  each  craft  on  the  basis  of  available  power, 
foil-strut  configuration,  dynamic  response,  allowable  accelerations,  etc 

The  characteristics  of  the  waves  expex*ienced  are  a  function  of  the 
general  sea  conditions.  The  length  and  height  of  the  average  wave,  and 
the  characteristics  of  outsize  waves  in  the  prevailing  sea  are,  in  turn, 
^unctions  of  the  fetch  and  duration  of  the  generating  winds.  It  is 
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impossible  to  generalize  on  these  conditions  and  some  simplifying 
assumptions  must  be  made  in  order  to  derive  probable  loading  values  for 
the  foil-strut  configuration. 

The  following  Assumptions  are  made,  applicable  to  all  ocean-going 
craft  and  those  experiencing  similar  wave  conditions: 

(a)  The  prevailing  waves  are  those  in  which  the  orbital  velocities 
are  a  maximum.  Thus,  for  oceans  the  wave  length,  X  ■  300  for 
average  and  l/lOth  highest  waves  j  X  ■  500  for  extreme  waves 
as  shown  in  Figure  j>.2.  For  restricted  waters,  the  length  is 
the  largest  that  may  be  experienced. 

(b)  Maximum  sea  conditions  are  expected  to  be  met  5%  of  the 

operating  life  of  the  craft.  The  l/lOth  highest  waves  under 
these  sea  conditions  therefore  occur  (1/20) 2  of  l/U00th  of 
the  time.  ' 

(c)  The  speed  of  the  craft  is  assumed  to  be  the  maximum  that  can  be 
attained  under  the  maximum  sea  conditions.  This  is  considered 
to  be  about  75-80)8  of  the  maximum  speed  in  calm  water. 

(d)  The  foil  may  be  more  deeply  submerged  than  the  design  sub¬ 

mergence  h,  resulting  in  a  larger  dCj/dcC.  However,  this  is 
counteracted  by  the  decrease  in  orbital  effect  due  to  the 
decay  factor  C  .  Therefore,  dCj/doC  is  determined  at  the 

nominal  submergence  h,  and  the  decay  factor  is  neglected. 
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A 


HoTf.  CURVES  DENOTE.  ORBITAL 
VELOCITY  AT  SURFACE, 

h»o 


MAXIMUM  ORBITAL  VELOCITIES  OF  WAVES  IN  NORTHERN  OCEANS 


FIGURE  5.2 
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(e)  The  struts  are  considered  fully  submerged  (to  a  point  just 
clear  of  the  hull)  in  determining  dC8/dt^  and  the  strut  area 
to  be  loaded# 

On  the  basis  of  these  assumptions,  the  maximum  loading  conditions 
may  be  indicated  as  follows* 

(a)  In  Average  Maximum  Seas 


Ws  - 6VW 

dCt/doC 

N  -  0.75  Vk, 

(SF)/S„-  SVkmx 

dCs/dtj) 

N  -  20  T 

max 


(5.7) 


(b)  In  l/lOth  Highest  Waves 

A  Vs  -  12  Vkmx  dCj/drf.  N  -  V^l/25 


<SF)/Ss.  12  Vkm„  dCs/ 

(c)  In  Most  Extreme  Waves 

A  VS  -  18  Vkmx  dOj/dot. 

(SF)/3,-  l8VknMt  iCg/ilf 


N  -  T 


(5.8) 


N  -  1 


(5.9) 


Combined  Foil  Loading  and  Side  Force 

The  above  loading  conditions  have  been  derived  to  give  foil  loading 
and  side  force  independent  of  each  other.  Actually,  depending  on  the 
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angle  of  encounter  of  the  waves  and  the  direction  of  orbital  velocity 
at  various  positions  in  the  waves,  addition  of  the  side  force  and  the 
additional  foil  loading  will  occur  simultaneously  at  some  reduced  value 
of  each.  The  overall  effect  on  the  structure  ray  however  be  greater, 
depending  on  the  configuration  -  and  this  case  must  be  investigated. 

For  simplicity,  the  beam  sea  condition  may  be  considered  to 
prevail  -  and  the  loadings  will  then  be  (SF)/Sfl  sin  0  and  AL/S  cos  0 
at  the  specified  side  force  frequencies  given  above,  0  is  a  parameter 
which  may  have  any  value  to  give  relative  forces  on  the  foil  or  struts, 
as  desired  for  investigation. 

Extreme  Loading  for  Actuated  Folia,  Flaps  and  Rudders 

It  is  conceivable  that  for  controllable  foils,  foil  flaps  or 

rudders,  extreme  loading  may  be  experienced  when,  at  high  speed,  some 

\ 

error  in  actuating  the  controllable  component  may  result  in  an  excessiyely 
large  angle  of  attack. 

This  condition  should  be  avoided,  where  possible,  by  installing 
some  form  of  limiting  device.  In  some  instances,  such  as  where 
maneuvering  is  a  prime  requisite,  it  may  be  desirable,  however, 
to  maintain  full  actuation  under  all  operating  conditions  and 
to  accept  the  loading  that  results. 

The  maximum  loading  that  results  is  that  which  the  foil  or  other 
component  in  question  can  develop  at  maximum  speed.  This  loading  may 
be  determined  from  a  dynamic  analysis  of  the  craft  (for  instance,  the 
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maximum  lift  on  the  foil  that  may  be  generated  before  the  foil  emerges 
from  the  water),  or  in  the  absence  of  such  analysis  may  be  considered 
to  be  the  limiting  load  due  to  stall  or  ventilation  as  given  below. 

Limiting  Load  Conditions 

The  loading  conditions  indicated  above  may  not  be  achieved  in  some 
instances  due  to  the  limit  of  loading  that  can  be  generated  by  the  foil 
or  strut.  Thus,  a  foil  or  strut  may  stall  out  at  some  lower  lift 
coefficient  than  indicated  above  because  of  i 

(a)  Stalling  in  the  aerodynamic  sense,  where  the  lift  of  the  foil 
cannot  exceed  a  certain  value,  as  determined  from  airfoil  tests. 

(b)  Cavitation,  where  the  maximum  lift  coefficient  attainable  is  a 

function  of  the  speed  of  the  craft  (and  the  pressure  distri- 

\ 

bution  of  the  foil  section). 

(c)  Ventilation,  particularly  for  surface -piercing  foils  and  struts. 

The  limiting  load  due  to  aerodynamic  stalling  can  be  considered  an 
tipper  limit,  applicable  to  the  more  extreme  loading  conditions  treated 
above.  For  a  symmetrical,  unflapped  foil  this  limit  may  be  taken  to  be 
that  corresponding  to  Cj^^  -  1.0.  (Maximum  lift  coefficient  of  foil 
sections  are  somewhat  larger  than  1.0,  but  due  to  variation  in  spanwise 
distribution,  strut  interference,  etc.  the  total  value  is  reduced. 
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Chapter  h  indicates  that  values  for  some  tested  hydrofoils  are 

actually  below  1.0).  The  maximum  possible  foil  loading  is  then 

h  +  •  CLmax  p  vmax  (5.10) 

S  S 

For  foils  that  have  camber  and/or  flaps,  Oj^x  is  increased  by  the 
lift  due  to  camber  and/or  due  to  flap  deflection.  Converting  speed  to 
knots,  the  maximum  possible  foil  loading  may  be  generalized,  as  follows, 

£  4-  Ai  -  3  vj^  (1  +  Ctopt)  (1  +  hf  max)  (*'u) 

s  s 

where  L/S  is  the  design  foil  loading,  lbs/ft2 

bl/S  is  the  additional  foil  loading,  lbs/ft2 

is  the  maximum  craft  speed,  knots 

Ctont  18  th*  lift  coefficient  due  to  camber 
(see  Volume  II) 

kf  is  the  flap  effectiveness  (see  Volume  II) 

Sjomx  1®  nsxinw™  *1*P  deflection,  radians 

The  expression  has  an  upper  limit  in  the  order  of  (6 

For  surface-piercing  foils,  the  maximum  loading  may  be  limited  to 
some  value  below  that  indicated  by  equation  (5.11)  above,  due  to 
ventilation.  Some  indication  of  the  maximum  lift  for  specific  foil 
shapes  is  given  in  Volume  II,  but  at  the  present  time  the  data  avail¬ 
able  are  not  sufficient  to  permit  generalization  for  all  surface-piercing 
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foils.  Such  a  limit  due  to  ventilation  is  very  significant  however j 
and  where  surface-piercing  foils  are  to  be  employed  specified  tests 
should  be  conducted  on  the  configuration  to  determine  the  limiting 
lift  coefficient. 

The  limiting  side  force  on  a  surface-piercing  strut  is  also 
associated  with  ventilation.  As  indicated  in  Volume  II,  ventilation 
occurs  when  the  angle  of  yaw  exceeds  the  "angle  of  entrance"  of  the 
strut  section.  Thus  the  maximum  side  force  on  the  strut  is 

^  -  3  (dCo/d^O  A  (5.12) 

where  (SF)/S  is  the  maximum  side  loading,  lbs/ft 

dCe/d  Ip  is  the  lateral  lift -curve  slope  (see  Volume  II) 

A  Is  the  entrance  angle  at  the  strut  section  (one- 
/  half  the  total  angle  at  the  leading  edge)  in  radians 

\ 

Cavitation  may  also  limit  the  generation  of  lift,  as  is  indicated 
in  Volume  II.  However,  there  is  insufficient  knowledge  of  this 
phenomenon  at  the  present  time  to  determine  the  effect  accurately, 
particularly  in  the  consideration  of  instantaneously  applied  loads. 

Loading  in  Turns 

The  loading  that  may  be  imposed  on  a  foil-strut  configuration  in 
turns  must  be  analyzed  in  terms  of  the  configuration  employed,  and  the 
turning  conditions  considered.  These  depend  on  the  type  of  configuration 


CONFIDENTIAL 


CONFIDENTIAL 


STRUCTURAL  CONSIDERATIONS 


(surface-piercing,  ladder,  or  fully  submerged) ,  the  method  of  turning 
(whether  controlled  in  roll  to  bank,  remaining  level  or  allowed  to  heel 
outward)  and  the  turning  condition  (transitional  or  steady  state). 
Therefore,  loading  in  turns  cannot  be  generalized  but  must  be  analyzed 
for  the  particular  design  considered.  Certain  procedures  can  be  set  up, 
however,  for  estimating  the  forces  in  a  turn. 

Thus,  for  average  conditions* 

(a)  From  an  analysis  of  turning  (Chapter  L)  and  equilibrium  in 
turns  (Chapter  6),  the  maximum  side  force  and  restoring  moments 
on  the  configuration  in  a  steady-state  turn  can  be  estimated. 

(b)  To  the  forces  thus  determined,  a  factor  of  1.5  is  applied  to 
account  for  transitory  loads  prior  to  steady-state  condition. 

(c)  The  loading  due  to  waves  in  the  average  condition,  equation 
(5.M  should  be  superimposed. 

(d)  The  frequency  of  loading  in  turns  depends  on  the  operational 
requirements  of  the  craft. 

For  maximum  sea  conditions,  a  similar  procedure  may  be  used,  with 
the  forces  due  to  average  maximum  and  l/lOth  highest  waves  superimposed 
at  their  corresponding  frequencies.  (It  is  considered  very  -unlikely  to 
encounter  the  most  extreme  sea  loading  superimposed  on  maximum  turning 
load.)  -  The  resulting  loading  must  be  checked  to  determine  that  it 
does  not  exceed  the  limit  loading,  discussed  above. 
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SUMMARY  OF  LOADING  CONDITIONS 


Additional  Foil  Loading 

Side  Force  (Per  Strut) 

AVERAGE  LOAD 
CONDITION 

AL/S  -  2[h  Vkmx  dOj/dsC 

N  ’  300  ^rrnx  TA 

(SF)/Ss  -  2.l5jh  Vkmax  dCs/di|) 
n  - 1800  T/yir 

MAXIMUM  LOAD 
CONDITIONS 

Average 

At/3-6  Vkn„  Mi/iK 

(3P)/Sa  -  6  Vkjnajt  dOs/dif 

■  ' lA  ’w  T 

N  -  20  T 

1/10  Highest 
Waves 

AL/S  -  12  Vknax  dCj/doC 

(SF)/S,  -  12  Vkmgx  dCa/dl|J 

*  •  VW 

N  -  T 

Most  Extreme 
Waves 

At/S  -  18  Tkmuc  dCj/dac 

(SF)/3a  -  10  VkMX  dCa/d^l 

N  -  1 

N  -  1 

EXTREME  LOADING 
(Limiting 
Load) 

-  3  V2 

s  S  3  kmax 

\ 

—  max^ 

Xjpper  limiv  .-  6  Vkmax 

(SF)  2  d°s 

S8  kmax  d  \f  r 

N  -  1 

LOADING  IN  TURNS 

5  SEE  TEXT 

SEE  TEXT 

Notes t 

1.  Side  Force  and  Additional  Foil  Loading  may  be  considered  acting 
simultaneously  at  the  reduced  values  (SF)/Ss5in  0  and  AL/S  cos  0, 
at  the  corresponding  side  force  frequency. 

2.  Foil  Loading  and  Side  Force  cannot  exceed  the  extreme  loading 
values. 

3.  Notation  is  given  in  the  text. 


CONFIDENTIAL 


I  -  5,2L 


«\  i'lAL 


S?R('C?i:tlAL  r  triers 


DESIGN  EXAMPLE  NO. 


DETERMINE  THE  LOADINGS  ON  THE  FOLLOWING  FOIL-STRUT  CONFIGURATION 

A  fully  submerged  foil  of  simple  form  (no  sweep,  dihedral  or  flaps) 
is  supported  by  two  struts,  as  indicated  in  the  sketch. 

Particulars  t 

^-""2  X - jjf — • - |  |  Design  Lift  •  L  -  10,000  lb 

j  §  Y  [  \  3  Design  Submergence  h  »  2  ft 

k  Maximum  Speed  -  LO  knots 

-  5*  — ”  Strut  Length  (to  Hull)  •  6  ft 

. _  pr _ Foil  Aspect  Ratio  A  •  8 

Foil  Area  S  -  12.5  ft2 

Struts  taper  from  1.2  ft  chord  at  foil  to  2.1*  ft  chord  at  hull. 


From  Volume  II 


25k  -  1  -  u  7 

d*  1.03  7  1*26  u,f 
2TT  8  T 

25i  %  2.6  for  h  -  2  ft 

•  «  li.l  fhlly  wetted  strut 


Loadings 

Average  Lc 
Condition 


Waves 

(c)  Most 
Extreme 
Waves 

i 

Extreme 
Loading  * 


VL- 

tJl  ■  40*4.7  « 

99© 

M  * 

300  K  4®  , 

frooo  T 

*■ 

4«46*4i7  • 

1190  #/^ 

H  » 

V+»4o  T  » 

SOT 

AL 

“3" 

,  lt*4o*4.7* 

1200 

r  4©T/15  • 

l.*T 

r  10*44*4.7 

•  998 o*/jf 

M 

*  1 

M  *  *  tlvo  T 


N  *  tor 

\ 

II  I— III  I  ■  n  ,1  I  mil  nil  — 

4* .  iz*+o* 
fs|  «  T 

^  r 

N  *  I 


j  ,  3»4ot«2.6  *.ZS  *3126 


H  s  3 * 5o%  4.1  *.25  *  2VJ0 
5* 


!  *Foil  assumed  to  have  camber,  C^pt  *  1.25 
j  Entrance  angle  of  strut  assumed  to  be  ft  *  .25  (radians), 
|  Strut  submerged  to  2  ft  at  1*0  knots,  to  6  ft  at  30  knots, 
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3.  STRUCTURAL  DESIGN  OF  FOILS  AND  STRUTS 

The  analysis  and  design  of  foil -at r-ut  structures  combine  the 
principles  of  airplane  wing  design  and  industrial  bent  frame  design. 
There  are  many  good  reference  books  on  these  subjects2*^*^  an(i  i8 
not  considered  within  the  scope  of  this  work  to  go  into  the  details  of 
structural  design  practices.  Rather,  approximate  methods  and  relation¬ 
ships  suitable  for  roughing  out  an  adequate  foil-strut  system  are 
presented,  for  use  in  deriving  preliminary  sizes  and  arrangements  of 
the  structure. 

Factors  of  Safety 

In  connection  with  the  loading  conditions  outlined  above,  it  is 
necessary  to  apply  appropriate  factors  of  safety  in  the  design  of  the 
foil-strut  structure. 

For  the  maximum  load  conditions,  the  factor  common  to  air  foil 
design  is  proposed* 


F  *  1.15  on  the  yield  strength 
*  1.5  on  the  ultimate  strength 


(5.13) 


whichever  gives  the  minimum  allowable  stress,  depending  on  the  material 
used. 


3: 
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For  fatigue  investigations,  the  factor  of  safety  may  be  applied 
directly  to  the  loading  when  conducting  fatigue  tests.  Thus,  the 
material  should  withstand  the  following  test* 

Superimposed  Steady  Loading  •  7.  L/S 

Cyclic  Loading  »  F  (A  L/S)  (5*340 

Cycles  ■  h  N 


the  factor  to  be  used,  depending  on  whether  the  fatigue  tost  is  to  yield 
or  fracture.  When  comparing  the  material  to  existing  tensile  and  "S-N” 
data,  the  following  should  be  applied^! 


ffl  +  k(J~2  „  1 

CT  m  <T  v  1.15 


(5.15) 


where  CT ^  is  the  calculated  stress  under  steady  load,  L/S 

O’  y  is  the  yield  stress  of  the  material 

0“  2  the  calculated  stress  under  load,  A  L/S 

k  is  a  theoretical  stress  concentration  factor, 
depending  on  discontinuities  in  the  structure 

<T  v  is  the  allowable  stress  due  to  cyclic  load 
for  h  N  cycles 


For  extreme  or  limiting  load  conditions  on  controllable  foils,  flaps 
or  rudders  where  the  extreme  loading  is  considerably  greater  than  any 
maximum  anticipated,  the  structure  should  be  designed  to  the  yield  stress 
without  any  factor  of  safety. 
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Foil  and  Stmt  Section  Characteristics 

The  loading  on  a  foil  section  is  composed  of  a  lift  force  acting 
vertically  and  a  drag  force  acting  horiaontally,  the  total  force  act¬ 
ing  through  the  center  of  pressure  which  is  usually  somewhat  removed 
from  the  oentroid  of  the  section,  as  indicated  in  Figure  5.3.  Without 
serious  error,  the  total  lift  force  may  be  taken  as  acting  normal  to 
the  foil  chord  line,  and  the  drag  may  be  neglected  in  calculating  the 
structural  requirements  of  the  foil  section  (the  drag  being  small 
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compared  to  the  lift  and  acting  in  the  direction  of  large  -1  -eng 
Kor  typical  hydrofoil  configuration.,  employ  —  along  the  epan 
and  having  relatively  thloh-.hlnn.d  foil  eectlone,  the  tor.lon.1  .trees 
.nd  deflection  doe  to  the  lift  *>ment  around  the  o.ntrold  may  he 
neglected  In  preliminary  Investigation,  (exc.pt  vher.  Urge  angle,  of 
w..p  are  employed  on  relatively  .lender  foil  -pan.). 

tt.  structural  properties  of  the  foil  ..ctlon  may  he  approximated 
by  con.ld.nng  the  foil  to  he  a  biconvex  parabola.  Figure  5.3-  The 
properties  of  the  section  are  then 


-  -  (t/c)  c2  (1  -  k2) 


I  - 


JL  (t/c)3  cU  (1  -  *h) 

105 

™  ■  I3s  <**>*  c3  (1  • kU) 

(t/c)  c  (1  -  fcl  (average) 
t*  "  "3~~^  o 


(5.16) 


where  $  is  the  cross-eectional  area 

x  1.  the  moment  of  Inertia  about  the  foil  chord  axis 
SK  1.  the  .action  modulus  about  the  foil  chord  axle 

C  Is  the  foil  chord 

t  is  the  skin  thickness 

k  is  the  ratio  of  inner  chord  to  outer  chord 
t/c  is  the  foil  chord  thickness  ratio 
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The  structural  analysis  of  the  foil-strut  bent  can  readily  be 
made,  using  the  various  loading  combinations  given  above,  once  the 
configuration  arrangement  has  been  tentatively  chosen.  For  fully  sub¬ 
merged  foil  configurations,  preliminary  sizes  of  foils  and  struts  can 
be  determined  by  considering  the  foil-strut  joints  to  be  pinned  instead 
of  fixed.  On  this  basis,  the  foil  acts  as  a  supported  beam  under  lift¬ 
ing  load,  the  strut  acts  as  a  cantilever  beam  under  side  force  loading. 

The  submerged  foil  is  then  chosen  to  have  the  planform  as  in¬ 
dicated  in  Figure  5. U,  with  uniform  loading  throughout.  On  this  basis. 


I  -  5-30 
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the  following  relationships  are  seen  to  exist! 
M(.t  strut.)  '  w/3  (b/n)2  e/l2 


(5.17) 


It  n  3 

(Itn-l)b 


It  nb 
(Un-l)A 


where  M  i®  bh®  bending  moment 

W/s  is  the  loading  (L/S  +  A  L/S)  derived  above 

n  is  the  number  of  struts 

S  is  the  foil  area 

b  is  the  foil  span 

c  is  the  foil  chord  (maximum) 

A  is  the  foil  aspect  ratio  (b2/S) 

Combining  equation.  (5.16)  and  (5.17).  the  follovlng  relationship, 
for  the  approximate  foil  characteristic,  can  be  derived: 


x  0.01U5  (pounds)  (5.18) 


(Un-1JA  _ 
rSpF 

0.022 

( Un-l)b^ 

1-k2 

n2  A 

1+1? 

b  1-k  „ 

1/2 

lb/ft2 

(inches) 


F  the  factor  of  safety 


CONFIDENTIAL 

i  -  53T~ 


CONFIDENTIAL 


STRUCTURAL  CONSIDERATIONS 


<T 


t 

W/t 

t/c 

*S 

A 

b 

n 

k 


the  maximum  allowable  stress,  lb/in^ 

Note*  G"  -  ULT»  STRESS  YIELD  STRESS 
F  1.5  1.15 

whichever  is  less 

is  the  unit  weight  of  the  material,  lb/ft ^ 

foil  weight,  lbs 

foil  chord  thickness  ratio 

foil  skin  thickness,  inches 

foil  aspect  ratio 

foil  span,  ft 

number  of  struts 

ratio  of  inside  chord  to  outside  chord  of  foil 


Preliminary  Strut  Characteristics 


The  strut  is  considered  to  be  a  cantilever  beam  under  side  loading. 
Using  the  section  relationships  given  in  equation  5.16,  each  case  may  be 
simply  and  individually  analysed.  The  section  characteristics  of  the 
section  at  the  design  waterline  in  flight  should  be  considered  to 
extend  uniformly  down  to  the  foil  attachment  to  allow  for  carry-over 
moments  at  the  foil-strut  joint,  and  for  internal  mechanisms,  etc. 


Foil-Strut  Configuration  Analysis 

Based  on  the  preliminary  sizes  for  the  various  foils  and  struts  in¬ 
dicated  above,  the  complete  foil-strut  assembly  should  then  be  analyzed 
on  the  basis  of  the  various  loadings  derived  in  the  previous  section. 
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design  example  no. 


SHT  1  OF  2 


DETERMINE  THE  APPROXIMATE  WEIGHT  AND 
CHORD-THICKNESS  OF  A  FOIL-STRUT  CONFIGURATION _ 

The  overall  dimensions  and  loading  of  the  configuration  are  shown  in 
Design  Example  5*1*  Determine  t/c  and  the  weight  using  solid,  cast 
aluminum,  using  356-T6  with  2i|000  Yield,  33000  Ultimate  lb/ft  • 

Approximate  chord  thickness  and  weight  are  determined  by  considering 
the  foil-strut  intersection  pin-jointed,  so  that  the  foil  is  a  simply 
supported  beam  and  the  struts  are  cantilever  beams.  Two  conditions 
for  the  foil  are  considered: 

10000  I  .  2 

(a)  as  a  fixed  foil*  maximum  loading  of  3380  ♦  ■  U180  lb/ft 

(example  5.1)  and  a  safety  factor  of  1.15  on  the  yield. 

(b)  as  a  controllable  foil*  extreme  loading  of  6000  lb/ft2 
(example  5«1)  based  on  the  yield  without  safety  factor. 

a;  FOIL 

(a)  Fixed  Foil 


L80»l.l5 

21*000 


f  .  ~-  •  0.01U5  •  172  -  250  lb 


(b)  Controllable  Foil 

t/c  -  [*£991.1.0.022  - 
'  J2U000  u 

wt  -/M1.2.  l£.o.oias.: 

z  J  2L000  h  8 


.  0.011*5  •  172  -  270  lb 


STRUTS 


/////  rttttff'f’ 


U-  \U 


6FT 


Use  maximum  load  condition  (2950 
lb/ft2)  for  the  section  at  6  ft j 
extreme  loading  (3120  lb/ft2)  for 
the  section  at  2  ft.  Include  a 
safety  factor  of  1.15  on  the 
yield  for  both. 


f 

_ '[ _ ' 
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DESIGN  EXAMPLE  NO.  h  sKrjLor^, 

(a)  Section  at  2  ft 

Bending  Moment  ■  8330  ft  lb 

*  -  (8/105)  1.68  (t/c,2  .  |^.15 


t/e  -  m .  -1°8  .  9  1/2*  = 

J  21*000*11*1*  8- 1.63  '  * 


(b)  Section  at  6  ft 

Bending  Moment  ■  81*960  ft  lb 

t/c  ■  /M80.!.l-15  .  JC 

4  2U000  •  ll*U  8*2.1*- 


Weight  of  Stmt 

Assume  t/c  varies  with  chord}  then  the  weight  may  be  calculated 
from  the  respective  sectional  areas,  corresponding  to  2/3  (t/c) 
The  integrated  weight  is 


Wt  *  172  T (areas)  »  300  lb 

each 


Si — 


o  ~  S *  FT 

Note*  Strut  weight  appears  excessive  compared  to  foil  weight; 
may  be  greatly  reduced  by  employing  hollow  sections, 
particularly  above  the  2  ft  section. 
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U.  HULL  STRUCTURAL  CONSIDERATIONS 

Structural  Criteria 

The  loading  conditions  to  be  met  by  the  hull  structure  may  be 
categorised,  as  follows  $ 

(a)  The  loading  conditions  normally  expected  in  hull-borne 
operations. 

(b)  The  loading  imposed  on  the  hull  when  foil-borne. 

(c)  The  impact  loading  due  to  landing  or  crashing  into  the  sea. 

Hull -borne  Loading 

The  normal  hull-borne  conditions  (prior  to  take-off)  are  not  severe 
as  compared  to  foil-borne  conditions,  in  general.  Standard  hull  design 
procedures  can  be  used  to  determine  the  structure  where  foil-borne 
loadings  are  not  expected  to  govern,  such  as  the  aft  end  of  the  craft. 

Foil-borne  Loading 

When  the  craft  is  fully  foil-borne,  the  hull  is  subjected  to  bend¬ 
ing  and  shear  stresses  as  a  beam  supported  at  several  points  (i.e.  strut 
locations).  The  reactions  at  the  struts  are  those  associated  with  the 
lift  produced  by  the  foils j  also  the  hull  accelerations  are  a  direct 
consequence  of  the  foil  accelerations. 

CONFIDENTIAL 


I  -  5.35 


CONFIDENTIAL 


STRUCTURAL  CONSIDERATIONS 


The  stresses  in  the  hull  "girder"  can  then  be  determined  from  the 
weight  distribution  curve,  wherein  the  "accelerated"  values  of  weight 
are  used.  As  indicated  in  Figure  5.5,  the  additional  hull  loading  can 
be  determined  from  the  additional  foil  loading  and  the  basic  hull 
loading  curve. 

The  hull  loading  conditions  are  then  the  same  as  ^thoge^or  the  foils 
given  in  the  preceding  section,  and  the  hull  loading  is  determined  from 
the  corresponding  foil  loadings.  Certain  assumptions  must  be  made,  how¬ 
ever,  as  to  the  foil  loadings,  where  more  than  one  foil  is  used  in  a 
configuration. 

(a)  Average  Load  Condition 

In  this  condition,  the  assumed  wave  length  is  small  (20  h)  so 
that  the  foils  forward  and  aft  may  be  considered  having  the 

same  orbital  effects  at  the  same  time,  thus  both  producing 

\ 

their  "average"  load  at  the  same  time,  at  the  given  frequency 
(as  given  in  the  preceding  section).  The  hull  loading  must 
then  be  determined  on  this  basis. 

(b)  Maximum  Load  Conditions 

For  all  conditions  other  than  the  average  condition  (a),  the 
assumed  wave  lengths  are  so  long  that  only  one  foil  at  a  time 
will  have  maximum  orbital  effects.  Thus,  the  loading  is  assumed 
maximum  on  one  foil  but  normal  on  the  other.  The  hull  leadings 
and  resulting  stresses  must  be  investigated  for  maximum  loading 
or.  each  foil  in  turn. 
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Factors  of  Safety 

The  factors  of  safety  to  be  used  for  the  foil -borne  loadings  are 
taken  to  be  the  same  as  those  for  the  foils  and  struts  given  in  the 
preceding  section.  Where  hull -borne  loadings  govern  in  some  aspects 
of  the  design,  typical  procedures  and  factors  of  safety  ordinarily 
used  in  standard  marine  practice  are  adopted. 


The  hull  must  be  investigated  for  impact  in  landing  and  particularly 
for  the  contingency  when  the  bow  "plows  in"  at  maximum  speed.  The  impact 
formula  of  von  Karraan^,  derived  for  a  two-dimensional  wedge  as  indicated 
in  Figure  5.6,  can  be  used  to  estimate  the  resulting  load.  The  formula  Is 


_P 

2x 


if  cotoG 


(1  + 


ft  x2.3 

2W  ' 


(5.19) 


where  P  ■  average  pressure  over  the  immersed  wedge 

(normal  to  the  water  surface)  lb/ft 

V0  *  entrance  velocity  of  the  wedge  ft/sec 

OC  "  deadrise  angle 

x  »  half-breadth  of  body  at  a  given  distance 
W  -  weight  per  foot  of  body  lb/ft 

%  ■  specific  weight  of  fluid  lb/ft^ 

yo  *  density  of  the  fluid  ^o  *  f/g  )  lb  sec^/ft^ 
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For  investigating  the  impact  pressures  at  the  bow,  the  speed  is 
arbitrarily  taken  to  be  V0  *  Vmax,  and  the  full  weight  of  the  craft  is 
assumed  acting  over  the  length  of  stem*  For  the  hull  bottom,  the 
speed  of  descent  and  the  area  under  impact  must  be  estimated  for  the 
particular  craft  under  consideration. 

The. use  of  this  two-dimensional  formula  for  three-dimensional 
cases,  and  the  high  values  chosen  for  speed  and  weight,  result  in  an 
impact  loading  that  Is  somewhat  severe.  It  is  considered  reasonable 
to  use  the  full  ultimate  strength  of  the  hull  material  without  any 
factor  of  safety,  when  designing  the  structure  on  the  basis  of  impact 
loads  derived  from  this  formula. 
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5.  STRUCTURAL  MATERIALS 


Foil-Strut  Structures 


The  material  to  be  used  for  foil  and  strut  structures  is  dependent 
on  many  factors,  some  of  which  are  inherent  to  all  hydrofoil  craft  while 
others  are  functions  of  size,  speed  and  general  operational  requirements 
of  the  craft  under  consideration.  Some  material  characteristics  that 
require  investigation  are j 

strength  -  yield  and  ultimate  strength 
weigit 

modulus  of  elasticity 
machineability 
weldability 
corrosive  properties 
cost 

\ 

availability 

With  respect  to  strength,  the  choice  in  many  cases  will  be  dictated 
by  such  general  considerations  as 

foil  area  required 

number  of  struts  required  (as  a  function  of  general 
arrangement,  lateral  area  required,  etc.) 

loading  conditions 

cavitation  (as  a  function  of  foil  thickness  ratio) 
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Lightweight  materials  may  be  employed.  Thus,  aluminum  is  one  of 
the  materials  most  widely  used  (lightweight  and  relatively  strong, 
good  workability,  corrosive-resistant,  available  at  reasonable  cost). 
Fiberglas  reinforced  plastics  can  also  be  considered  for  such 
applications. 

As  the  craft  size  increases,  high -tensile  steel  becomes  more 
attractive  for  use  and  in  the  larger  sizes  considered  (above  50  tons) 
is  almost  mandatory. 

Hull  Structure 

Generally,  hull  structures  follow  the  same  trend  as  do  the  foils, 
with  increasingly  strong  materials  required  as  size  (and  speed)  increase. 
Thus,  wood  and  fibreglass-reinforced  plastic  hulls  are  suitable  in  the 

smaller  sizes  (up  to  about  10  tons),  with  aluminum  being  next  in  con- 

\ 

sideration  (up  to  a  hundred  tons)  and  finally  high-tensile  steel  for 
hulls  of  larger  displacement.  General  experience  with  hull  requirements 
of  existing  high  speed  craft  (high-speed  runabouts,  air-sea  rescue 
craft,  PT  boats,  etc.)  would  form  the  best  references  for  selection  of 
hull  materials  and  material  scantlings  for  hydrofoil  craft  of  similar 
size  and  speed. 
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CHAFTER  6.  BALANCE  AND  STABILITY  OF  HYDROFOIL  SYSTEMS 


INTRODUCTION 

A.  LONGITUDINAL  CHARACTERISTICS 

1.  Longitudinal  Balance 

2.  Longitudinal  Stability 

3.  Longitudinal  Design 

B.  LATERAL  CHARACTERISTICS 

1.  Rolling  Stability 

2.  Equilibrium  in  Turning 

3.  Directional  Stability 


Balance  and  stability  of  hydrofoil  systems  about  the  various 
axes  are  considered  in  approximative  fashion.  The  static  prerequisites 
for  obtaining  longitudinal  stability  are  presented.  With  respect  to 
lateral  stability  and  behavior  in  turns,  simplified  conditions 
are  investigated,  giving  some  practical  indication  on  how  to  design 
a  stable  foil  system.  -  Dynamic  behavior  is  not  included  in  this 
Chapter. 
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INTRODUCTION 

In  the  design  of  a  hydrofoil  boat,  the  size  of  the  foils  forming 
the  system  and  their  location  with  respect  to  the  center  of  gravity 
of  the  total  configuration  -  are  of  primary  interest.  The  essential 
characteristics  in  this  connection  are  the  stability  of  the  craft  (about 
the  various  axes)  and  the  limitations  of  the  hydrodynamic  forces  due 
to  stalling  (separation),  ventilation  and  possibly  cavitation.  The 
present  report  deals  in  an  approximate  way  with  such  requirements  and 
some  limitations  of  balance  and  stability  in  hydrofoil  systems. 

As  quoted  from  Diehl^,  «an  airplane  is  statically  stable  if  any 
displacement  from  a  given  attitude  sets  up  forces  and  moments  tending 
to  restore  the  original  attitude”.  An  airplane  ”is  dynamically  stable 
if  the  resulting  motion  is  stable,  that  is,  if  any  oscillations  due  to 
static  stability  are  quickly  damped”.  Static  stability  can  be  con¬ 
sidered  to  be  a  limiting  case,  and  it  is  a  prerequisite  of  dynamic 
stability.  ”A  fair  degree  of  static  stability  is  usually  accompanied 
by  dynamic  stability”.  Only  static  conditions  (in  calm  water)  shall  be 
considered  in  the  present  report.  Knowledge  of  the  dynamic  behavior 
of  hydrofoil  boats  (particiilarly  in  waves)  has  not  yet  been  developed 
to  such  an  extent  that  a  treatment  sufficient  for  design  analyses  could 
be  presented  in  this  Handbook,  at  this  time. 
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It  is  felt  for  most  practical  purposes,  that  in  hydrofoil  craft 
resistance  and  propeller  thrust  approximately  cancel  each  other  for 
small  deviations  from  trim  condition,  without  producing  forces  and 
moments  worthy  of  consideration.  These  longitudinal  forces  are, 
therefore,  omitted  in  this  Chapter}  only  lift,  lateral  forces  and  the 
moments  resulting  from  them,  are  taken  into  account. 

Most  of  the  considerations  are  also  primarily  qualitative.  Even 
as  such,  the  treatment  is  in  some  instances  only  tentative,  essentially 
because  of  limited  experimental  evidence. 

The  definition  of  axes,  angle  and  moments  in  analyzing  three- 
dimensional  motions,  is  somewhat  complex.  Essentially,  a  reference 
system  fixed  to  the  flow  will  be  used  in  this  report.  No  specific 
distinction  is  made  in  the  text  between  this  system  and  that  of  the 
water  surface  -  fixed  in  the  vertical  direction  and  in  the  horizontal 
plane.  Angles  and  moments  are  as  listed  in  the  notation.  Among  these, 
the  pitching  angle  0  is  meant  to  be  that  of  the  craft,  while  the  angle 
of  attack  (measured  from  zero-lift  attitude)  primarily  applies  to  the 
individual  foils.  Also,  in  this  report,  "yawing”  is  defined  as  an 
angular  displacement  (rotation)  -  while  sideslipping  (in  pure  form) 
refers  to  a  straight  motion. 
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NOTATION 


0 

a 

& 

e 

M 

Cm 

N 

cn 

"M" 

L 

W 

I 

V 

q 

s 

Fi*t 

clat 

Cnormal 

b 

o 

A 

K 

h 


angle  about  longitudinal  axis  (roll) 

angle  of  attack  measured  from  aero  lift 

downwash  angle  (behind  foil) 

craft  angle  about  lateral  axis  (pitching) 

angle  about  Vertical  axis  (sideslipping  or  yawing) 

moment  about  lateral  axis 

*  M/qS  ■  coefficient  of  longitudinal  moment 
moment  about  vertical  axis 

■  N/qS  -  coefficient  of  lateral  moment 

metacenter  point 

lift  of  hydrofoil 

weight  of  hydrofoil  craft 

longitudinal  distance  between  foil  and  CO 

longitudinal  distance  between  foils 

speed  (ir  ft /sec) 

*  0.5  ^  dynamic  pressure 
"wing"  area  of  foil 

*  L/qS  *  lift  coefficient 
centrifugal  force  (in  turn) 

lateral  force  (in  turn) 

*  Flat/q  $1^  •  lateral  force  coefficient 
normal-force  coefficient 

foil  span 
foil  chord 

*  b^/s  ■  aspect  ratio  of  individual  foil 
biplane  factor 

height  or  submergence 


Subscripts* 

x 

sub 

+ 

3at 

1 

2 

normal 


indicating  particular  foil 
indicating  submerged  area 
indicating  reference  area 
lateral  area 
for  forward  foil 
for  rear  foil 

•  normal  (to  the  foil  panels) 
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A,  LONGITUDINAL  CHARACTERISTICS 
X.  Longitudinal  Balance 

To  provide  longitudinal  equilibrium, ’it  ie  evidently 
required  that  in  Figure  6.1  b  » 


^  +  Lg  “  * 

I 

Lx  *x  “  l2  *2 


(6.1) 


where  »1»  refers  to  the  forward,  and  ”2*  to  the  rear  foil.  The 
lift  of  each  foil  is 

Lx  -  (dCL/dO^Sxq  (6* 


where  S*  -  foil  area 

q  •  dynamic  pressure  0.5  (J  V 

o(  •  angle  of  attack 

C,  -  lift  coefficient 
L 

As  dervived  from  the  basic  information  in  Chapters  1  and  2  of  Volume 
II,  the  lift-curve  slope  can  approximately  be  represented  by 

d<*VdCL  »  10°  +  K  (20°  /A)  (6.3) 

where  A  *  aspect  ratio 

K  *  biplane  factor 
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FIGURE  6.1 
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To  be  accurate,  K  is  not  a  constant  in  a  heaving  and  pitching  foil 
system.  For  the  purpose  of  this  investigation,  we  may,  however, 
assume  K  to  be  approximately  constant,  for  example  in  the  order  of 
K  -  1.5. 


In  a  tandem  system,  the  rear  foil  is  exposed  to  a  certain  dovnwash 
coming  from  the  forward  foil.  In  proximity  of  the  water  surface  this 
downwash  angle  is,  under  certain  conditions,  estimated  for  "conventional” 
hydrofoil  configurations  to  be  in  the  order  of 


dfc  1 

dCU  ^ 


(6.1i) 


where  the  subscript  "1"  refers  to  the  forward  foil.  This  angle  should 
be  added  to  the  two  components  of  Equation  (6.3)  to  obtain  the  "lift 
angle"  doc/dCj,  of  the  second  (rear)  foil.  -  Practically,  there  is  no 
influence  of  the  second  foil  upon  the  foivard  foil. 


Combining  equations  (6.1)  and  (6.2),  the  craft  is  found  to  be 
balanced  longitudinally  provided  that  the  following  equality  is  achieved: 

^(dCj/doQ!  Sxq  3^  ■  O^(dCL/do02  S2q  x£  (6.5) 

Four  design  parameters  are  effective  in  each  foilj  the  lift-curve  slope 
(depending  upon  aspect  ratio  and  submergence  ratio),  the  area  S,  the 
moment  arm  x  and  the  angle  of  attack.  Many  combinations  of  these  would 
provide  the  required  equality.  Among  these,  usually  only  the  stable  ones 
are  of  practical  interest.  Stability  requirements  are  considered  in  the 
next  section. 
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2.  Longitudinal  Stability 

Considering  the  systems  in  Figure  6.1,  the  lift  forces  originating 
in  the  foils  provide  certain  moments  about  a  suitable  lateral  axis. 
Considering  first  one  individual  foil,  its  moment  contribution  in  terms 
of  a  non-dimensional  coefficient  is 

Cm  -  M/qSjl  -  (L/qSx)  (Sj/s)  (x/J?  )  (6.6) 

where  M  ■  moment  ■  L* 

q  -  dynamic  pressure 
S  *  total  foil  area  in  the  system 
S„-  area  of  the  particular  foil 
x  -  moment  arm 

Jl  •  suitable  length  of  reference 

The  lift  is 

\ 

1  “  CL^  Sx  "  (dCL/do<)o(q  (6.7) 

where  C^  *  lift  coefficient 

oC  ■  angle  of  attack  or  pitch 

and  dC^/dsC  possibly  as  explained  by  equation  6.3.  The  slope  of  the 
moment  coefficient  against  the  pitching  angle  of  the  craft  (for  fixed 
foil  setting)  Is 

dCm/de  -  (dC^doc)  (Sx/S)  (x/jf  )  (6.8) 
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where  9  -  pitching  angle.  The*  quantity  (dCm/d9)  is  a  measure  for  the 
contribution  to  static  stability  by  the  considered  foil*  Defining 
the  moment  arm  to  be  positive  for  foil  locations  forward  of  the 
center  of  pitching  motion,  the  corresponding  positive  value  of  (dCn/d8) 
evidently  indicates  negative  stability.  In  other  words,  by  convention, 
a  negative  sign  of  (dC^/dB)  is  meant  to  indicate  positive  stability. 

In  fully  submerged  foil  systems,  the  lift  may  be  considered  only 
to  depend  upon  the  angle  of  attack  accordingly  (dC^/dO<)0(  constant 
( see  equation  6.3).  In  surface-piercing  or  ladder-type  systems,  the 
lift  also  varies  considerably  with  submergence;  that  is,  with  submerged 
area.  Based  upon  a  suitable  reference  area  S+  (which  has  to  be 
independent  of  submergence  H  and  which  could  be,  for  example,  the  total 
or  maximum  of  the  foil  system),  their  lift  coefficient  is  CL+  -  L/qS+. 
This  coefficient  is  approximately  v 

*  [<«!WV''d0]  9  (6.9) 


whe^  Cisub  " 

lift  coefficient  on  submerged  area 

Ssub  * 

submerged  area 

S+  - 

reference  area' 

oC 

angle  of  attack  of  foil  section 

9 

pitching  angle  of  craft 
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In  a  system,  pitching  about  the  point  indicated  by  the  length  x,  the 
height  variation  is  Ah»x  0;  the  variation  of  submerged  area  is 
consequently 

dS3ub/d®  "  (dS3ub/dh)(dh/d0)  «  (dSSBb/dh)x  (6.10) 

with  0  in  radians.  The  quantity  (dSx/dh)  is  given  by  the  design  of  the 
foil  unit  considered.  Equation  6,9  indicates  that  in  the  area-changing 
types  of  hydrofoils,  the  lift  is  no  longer  a  linear  function  of  the 
pitching  angle  0j  the  angle  of  attack  varies  together  with  the  submerged 
area.  As  a  consequence,  the  slope  of  lift  and  moment  increases  with  the 
pitching  angle  in  foils  behind  the  center  of  longitudinal  rotation  - 
and  it  decreases  for  locations  ahead  of  the  axis.  Figure  6.2  illustrates 
the  resulting  type  of  Cn(®)  function.  The  static  contribution  (dCm/d@) 
is  not  constant j  instantaneous  values  (for  example,  for  the  trim  condition) 

can  be  taken,  however,  from  such  a  plot  as  the  tangent  at  the 

•  \ 

particular  angle  of  attack. 
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LONGITUDINAL  MOMENT  OF  AN  AREA-CHANGING 
TANDEM  SYSTEM 


FIGURE  6.2 
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Longitudinal  stability  requires  arrangements  with  at  least 
two  foils  in  tandem,  one  behind  the  other.  In  dealing  with  such  a  system, 
it  is  convenient  to  refer  the  lift  coefficients  to  one  and  the  same 
area,  which  may  be  selected  to  be  the  sum  of  the  individual  areas  (S). 

As  requirement  for  positive  stability  it  follows  then  from  equations 
(6.5)  and  (6.8)  that 

(dCL/dC*)2(s2/S )(x2//)*>  (dCL/doC)1(S1/S)(x1/X  )  (6.11) 

where  *,lw  refers  to  the  forward,  and  tt2n  to  the  rear  foil.  The 
distance  x  measures  to  the  center  of  pitching  rotation  -  to  be 
discussed  later.  All  of  the  parameters  in  this  function  are 
geometrically  determined  in  the  design  of  craft  and  foil  system. 

To  provide  stability,  the  lift-curve  slope  and/or  the  area  and/or 
the  distance  of  the  rear  foil  have  to  be  larger  than  those  of  the 

V 

forward  foil.  For  equal  dCj/doC,  therefore,  the  loading  L2/S2  of 
the  rear  foil  (a  function  of  S2  and  x2)  has  to  be  lower  than  that 
of  the  forward  foil. 

Positive  longitudinal  stability  as  defined  in  equation  6.11, 
would  not  mean  any  height  stabilization.  A  fixation  in  this  respect  is 
usually  not  required  in  aviation,  is  fundamental,  however,  in  the 
operation  of  a  hydrofoil  boat.  Height  stabilization  can  be  obtained 
by  using  multiple -foil  (ladder-type)  or  V-shaped  surface-piercing 
systems  or  some  planing  device  or  by  suitable  artificial  means 
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( angle -of-attack  .control).  In  the  planing  skids  of  the  "Grunberg" 
system  (see  Chapter  1),  for  example,  a  strong  height  stabilization 
is  obtained'  by  making  the  variation  of  wetted  surface  (dSx/dh)  large. 
The  "Hook”  system  (also  described  in  Chapter  1)  basically  uses  the 
same  principle,  transforming,  however,  the  (dSy/dh)  of  the  "jockeys” 
into  a  (doC/db)  quantity  of  the  forward  foils.  The  forward  foil 
may  also  be  height-stabilized  by  means  of  an  electro -mechanical 
"autopilot"  system,  as  developed  by  Gibbs  &  Cox,  Inc. 2  for  this  very 
purpose • 

In  aircraft,  the  center  of  longitudinal  rotation  (pitching)  is 
usually  considered  to  be  the  center  of  gravity.  For  hydrofoil  craft, 
this  axis  does  not  generally  seem  to  be  correct.  The  required  height 
stabilization  necessarily  restricts  the  pitching  motion.  If  for 
instance,  one  foil  is  rigidly  fixed  (if  possible)  with  respect  to  the 
surface  of  the  water,  then  this  foil  is  evidently  the  hinge  axis 
about  which  any  pitching  motion  may  take  place.  A  complete  analysis 
of  this  problem  has  not  yet  been  established.  Two  limiting  cases 
will  be  considered,  however,  in  the  section  which  follows. 
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In  the  design  of  a  hydrofoil  system,  the  requirements  of  balance 
and  stability  have  to  be  combined.  Regarding  longitudinal  character¬ 
istics,  therefore,  equations  6.5  and  6.11  have  to  be  satisfied. 

Some  typical  configurations  are  considered  as  follows t 


fixing  the  submergence  of  the  forward  foil  (as  for  example, 
in  the  Hook  configuration,  described  in  Ghapter  1),  the 
axis  about  which  the  craft  is  free  to  pitch  (in  calm  water) 
is  essentially  at  the  forward  foil}  the  center  of  gravity  is 
expected  to  move  up  and  down  correspondingly.  The  balance 
of  the  rear  foil  is  then  simply  determined  by  one  side  of 
equation  6.5  or  by  equation  6.7.  The  stability  of  the 
system  follows  from  equation  6.8,  for  x  -  J[.  It  seems  to  be 
useful,  however,  in  this  case  to  define  a  fictitious  total 
area 

S+  -  (W/I*)  S*  (6.12) 

where  W  ■  total  weight 

Ljj  -  fraction  carried  by  rear  ,  foil 
Sx  -  submerged  area  of  rear  foil 
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Equation  6.8  then  changes  to 

dCm/d0  -  (dCL/doO  (I*AO  (6.13) 

where  »  M/qS+J(  and  th^  angles  in  radians. 

Evidently,  however,  in  some  configurations,  the  lift 
on  the  main  (rear)  foil  corresponds  to 

Vw  ■  *4  (6. Ill) 

where  x  ■  distance  between  forward  foil  and  C.Q.  The 
stability  of  the  system,  therefore,  increases  as  the 
square  of  the  CG  location  (x  /X).  As  experience  with  a 
craft,  stabilized  by  planing  skids  in  place  of  a  forward 
foil  (Grunberg  type),  has  shown,  the  limitation  of  such 
system  as  to  stability  is  found  in  the  skids.  With  too  little 
weight  on  them,  they  are  liablp  to  ri>e  dynamically  (in  waves) 
above  the  water  surface.  This  phenomenon  can  be  understood 
upon  studying  the  upper  part  of  Figure  6.1.  As  the  craft 
pitches  up  (possibly  about  the  center  of  gravity),  the 
distance  (/,  -  x)  and  consequently  the  stabilizing, moment  of 
H  with  respect  to  -  reduce  appreciably.  It  also  appears 
that  the  skids  upon  leaving  the  water,  cease  decreasing  their 
moment  (no  slope  with  respect  to  Sx  as  center  of  pitching). 

A  load  fraction  in  the  order  of  20%  on  the  skids  was  therefore, 
found  to  be  a  minimum  requirement  for  successful  operation  of  the 
Gibbs  &  Cox  craft. 


CONFIDENTIAL 


I  -  6.1? 


CONFIDENTIAL 


BALANCE  AND  STABILITY 


b)  Symmetrical  Fully-Submerged  Tandem  System,  A  tandem  con¬ 
figuration  which  is  essentially  symmetrical  fore  and  aft, 
with  approximately  5 0 %  of  the  total  weight  on  each  foil,  may 
be  expected  to  oscillate  about  the  lateral  axis  through  the 
center  of  gravity.  Balance  of  such  system  is  given  by 
equation  6.5.  Conditions  for  positive  static  stability 

are  discussed  in  connection  with  equation  6.9.  in  the  con¬ 
sidered  tandem  system  with  S2  ~  Sp  forward  shifting  of  the  CO 
appears  to  be  very  effective  with  respect  to  stability , 
x2  increases  while  x1  decreases  at  the  same  time.  The 
stability  increases  in  proportion  to  the  amount  of  shifting. 
The  lift-curve  slope  is  a  function  of  the  aspect  ratio. 

Also  taking  into  account  the  effective  downwash  possibly 
coming  from  the  forward  foil,  the  aspect  ratio  of  the  rear 
foil  (and/or  area  and  distance  x  as  explained  before)  should 
be  sottiewhat  larger  than  that  of  the  forward  foil. 

c)  Surface -Piercing  System.  Values  for  (dS^^/dh)  can  be  derived 
as  a  function  of  the  dihedral  angle  of  a  surface-piercing 
hydrofoil.  Referred  to  the  "original"  or  any  other  suitable 
basic  span  "b"  of  a  rectangular  V-shaped  foil. 


d( Sv/S) 
d(h/b) 


d(&b/b)  -  2, 
d(h/b) 


(6. 
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Thus,  longitudinal  stability  is  favored  by  small  dihedral 
angles.  The  expression  can  easily  be  used  in  equation  6.6, 
by  combining  it  with  the  WSM  (as  defined  there)  and  the 
moment  arm  x.  Under  certain  conditions,  equation  6.lU 
also  applies  to  slanted  multiple-ladder-type  foil  systems, 
with  r  indicating  the  lateral  angle  of  the  foils  against  the 
horizontal.  -  Considering  a  fore-and-aft  symmetrical 
surface-piercing  tandem  crnfiguration,  the  axis  of  pitching 
motion  may  again  be  that  through  the  center  of  gravity.  - 
Because  of  their  area-changing  characteristics,  surface¬ 
piercing  foil  systems are  basically  expected  to  provide 
higher  static  pitching  stability  than  fully-submerged  (constant 
area)  hydrofoils.  Stability  conditions  are  similar  to  those 
under  ( l) ) .  As  a  practical  example,  the  Schertel-Sachsenberg 
tandem  boats^  (see  Chapter  1  fo;r  illustration) ,  had  some 
h5%  of  the  total  weight  on  the  rear  foil  and  some  55% 
on  the  forward  foil. 


CONFIDENTIAL 
I  -  6.17 


TIAL 


BALANCE  AND  STABILITY 


LATERAL  CHARACTERISTICS 


1.  Rolling  Stability 

In  one  or  more  pairs  of  surface-piercing  foils,  each  arranged 
side  by  side  (as  for  example  in  the  Canadian  designs  or  the  Baker 
boat)  or  in  any  Grunberg-type  configuration  (with  a  pair  of  skids), 
balance  and  stability  about  the  longitudinal  axis  may  not  be 
much  of  a  problem.  Restoring  forces  are  produced  by  way  of 
submergence  differentials  in  the  foil  units.  The  only  other 
hydrofoil  system  likely  to  provide  balance  and  stability  about 
the  lontitudinal  axis  is  the  V-shape. 

In  a  fully  submerged  foil  system,  WVM  shape  would  be 
restricted  to  comparatively  small  angles.  Also  the  submerged 

area  is,  of  course,  constant.  Surface-piercing  hydrofoils  are, 

\ 

\ 

therefore,  discussed  as  follows. 

Upon  rolling,  one  end  of  the  foil  becomes  more  deeply 
immersed}  the  other  one  emerges  accordingly  by  a  certain  amount 
Ab.  The  corresponding  lift  differentials  A L  (as  marked  in 
Figure  6.3)  form  moments  about  the  CG  of  the  boat.  Assuming  now 
that  the  lift  differentials  are  produced  only  in  the  piercing 
points,  a  metacentric  point  wKnmax  is  found.  The  craft  is  then 
expected  to  be  stable  in  rolling  as  long  as  the  CG  is  below  the 
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metacenter.  Actually,  however,  it  Is  believed  that  with  a 
change  at  each  side  in  submerged  span,  the  lift  is  slightly  changed 
over  the  entire  span  of  the  foil.  As  a  consequence,  the  metacentric 
height  due  to  pure  rolling  (without  yawing)  is  believed  to  be  somewhat 
below  the  as  indicated  in  Figure  6.3. 

Rolling  may  also  be  caused  or  accompanied  by  yawing.  In  this 
respect,  the  angle  of  attack  is  increased  in  one  half  of  a  V-shaped 
foil}  and  it  is  decreased  in  the  other  half.  For  the  center  of 
pressure  of  the  differentials,  we  may  assume  points  at  half  panel 
span  at  each  side.  Figure  6.3  shows  the  corresponding  second 
metacenter  WMW^  ,  which  is  lower  than  that  as  determined  by  the 
piercing  foil  tips. 

Actually,  assuming  that  rolling  combines  with  yawing  (in  phase), 

there  are  two  components  of  rolling  moment.  Positive  rolling  stability 

\ 

may,  therefore,  exist  for  certain  positions  of  the  CG  above  "M"  . 

min 

(but  below  An  effective  metacenter  is  expected  in  this 

way  whose  location  between  and  BM”niln  depends  upon  the 

respective  moment  contributions  of  the  yawing  and  rolling 
components. 
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2.  Equilibrium  in  Turning 

Conditions  in  a  turn  are  complex j  angles  and  motions  about  all 
three  axes  are  involved  and  coupled  with  each  other.  Assuming,  however, 
that  the  craft  is  kept  at  constant  longitudinal  trim,  by  some 
suitable  means,  it  seems  to  be  possible  to  split  up  the  remaining 
problem  into  two  components.  In  fact,  this  seems  to  be  a  case  where 
treatment  is  simpler  than  in  aviation  (where  such  a  separation  is  not 
very  realistic). 

A)  Balance  About  the  Vertical  Axis 

Assuming  that  equilibrium  and  stability  is  also  provided 
about  the  longitudinal  axis,  keeping  the  craft  essentially  on  even 
beam  -  conditions  about  the  vertical  axis  are  as  follows. 

As  illustrated  in  Figure  6.U,  a  centripetal  force  F^at  is 
required  to  support  the  mass  of  the  craft  in  a  turn  against  the 
centrifugal  force  Z.  This  force  is 

Z  -  MV2/r  -  2WV2/gd  -  -Flat  (6.15) 

where  d  »  2r  ■  diameter  of  turning  circle.  The  force  has  to 

be  provided  hydrodynamically  in  the  foil  system  in  some  lateral 
areas.  These  areas  are  found  in  struts  and/or  in  the  foils 
themselves  by  banking  them  or  through  dehedral  shape. 


CONFIDENTIAL 

I  -  6.21 


CONFIDENTIAL 


BALANCE  AND  STABILITY 


(a)  Struts.  Upon  putting  the  boat  at  an  angle  of  sideslip 
(by  means  of  the  rudder),  lateral  forces  are  produced  in 
the  struts  (if  any)  corresponding  to 

Flat  *  qSlat  UCiat/dV)  (6.16) 

where  V  ■  angle  of  sideslip  at  the  strut  (or  struts). 

The  maximum  lateral  force  which  a  surface -piercing  strut  may 
provide,  corresponds  to  the  available  maximum  lateral  lift 
coefficient.  As  presented  in  Chapter  7  of  Volume  II,  for 
symmetrical  sections  and  ’’conventional”  submergence  ratio, 
this  coefficient  is  in  the  order  of  C^  **  0.15  for  sharp¬ 
nosed  and  0.35  for  round-nosed  sections,  before  ventilation 
sets  on.  It  is  possible,  however,  to  obtain  similar  and 
higher  coefficients  in  fully-ventilated  condition,  i.e.  at 
much  higher  sideslipping  angles. 

(b)  End  Plates.  In,  fully  submerged  hydrofoils,  end  plates  are 
an  effective  means  of  providing  lateral  forces.  Their 
coefficients  can  be  determined  as  a  function  of  aspect  ratio 
and  angle  of  attack,  employing  the  low-aspect-ratio  methods 
as  presented  in  Chapter  1  of  Volume  II.  Their  maximum 
lateral  lift  coefficient  may  be  in  the  order  of  0.9. 
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(c)  A  Surface -Piercing  V-Foil  gives  a  lateral  component,  in 

sideslipping  condition,  caused  by  angle -of-at tack  and  lift 
differentials  in  the  two  foil  panels.  In  each  panel,  the 
lateral  force  component  is 

Flat  "  Lpanel  tanr*  (6*17) 

where  T*  dihedral  angle.  This  also  means  that  the 
lateral  force  coefficient  is  equal  to  the  lift 

coefficient  (each  based  on  their  respective  projected 
area)  -  both  of  which  are  equal  to  the  coefficient  Cnomal 
(on  panel  area).  In  non-sideslipping  straight  motion, 
the  lateral  forces  in  the  two  panels  naturally  cancel  each 
other.  In  a  sideslipping  turn,  however,  the  outer  panel  has 
increased  angle  of  attack,  increased  lift  and  increased 
lateral  force j  the  inner  panel  has  decreased  quantities. 
Considering  now  the  outer  panel,  its  hydrodynamic  limitation 
is  given  by  the  "maximum"  coefficient  Cnormalx  -  and  this 
maximum  is  given  by  the  onset  of  ventilation.  Therefore,  the 
available  lateral-force  coefficient  of  the  complete  foil 
(equal  to  a  pair  of  panels)  Cja^,  (on  the  sum  of  the  laterally 
projected  panel  areas)  is  equal  to  the  available  quantity  Acnorma-L 

(the  difference  between  design-lift  coefficient  and  the 
coefficient  when  ventilation  takes  place).  This  differential 
may  only  be  small,  depending  on  the  average  lift  coefficient 
of  operation  and  the  type  of  foil  section  used.  The 
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available  value  may  further  be  reduced  because  of  the  craft's 
rolling  moment  due  to  centripetal  acceleration  which  makes 
additional  forces  necessary  on  the  outboard  half  of  the  foil. 

(d)  Banking.  Upon  banking  a  straight  hydrofoil,  the  lateral 
force  is 

^lateral  “  ^  tan  ^  (6.18) 

where  0  •  banking  angle.  As  extreme  limits  of  banking 
conditions  may  be  considered  of  one  wing  tip  emerging  from 
the  water  and  the  hull  touching  the  water  surface  at  the 
other  side. 

Considering  realistic  dimensions  (for  submergence  and  angles), 
lateral  forces  seem  to  be  obtainable  in  average  operating  conditions 
in  the  order  of 

\ 

^lateral  *  (°*1  to  °«7)  a/g  *  Flat^  -  (0.1  to  0.7)  (6.19) 

where  W  *  total  weight  of  craft 

a  «  lateral  acceleration. 

It  may  also  be  possible  to  combine  two  or  more  of  the  mentioned  devices, 
and  to  increase  the  lateral  force  in  this  way.  The  most  effective 

method  of  producing  lateral  forces  seem  to  be  fully  submerged  end 
plates.  It  is  suspected  that  surface -piercing  "Vn  foils  are  the  least 
reliable  means  in  turning  (because  of  ventilation  in  the  outboard 
foil  panel). 
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*  B)  Balance  About  Longitudinal  Axis 

Besides  balance  In  the  lateral  forces ,  adequate  equilibrium  is 
also  required  with  regard  to  the  longitudinal  axis.  As  long  as  the  00 
is  above  the  "second”  metacenter  "M^in  in  Figure  6.3,  the  boat  ie  ex¬ 
pected  to  heel  outward.  For  a  location  below  that  metacenter,  positive 
banking  will  be  obtained  in  turns.  The  heeling  angle  may  be  more  or 
less  proportional  to  the  distance  between  "M",^  and  CO  (both  in 
sign  and  magnitude). 

Lateral  design  is  further  complicated  by  the  forces  in  lateral 
areas  euch  as  struts  (if  any)  and  the  rudder.  Ae  Indicated  in  Figure 
6.5,  the  metacenter  ("maximum”  or  "minimum"  alike)  is  lowered  on 
account  of  such  lateral  forces.  Struts  end  other  lateral  areas  may 
be  desirable,  however,  with  respect  to  directional  stability  and 

turning  performance!  or  they  may  possibly  be  required  for  structural 

\ 

reasons. 

It  is  desirable,  of  course,  to  have  the  boat  bank  in  turns. 
Locating  the  CO  below  is  difficult,  however,  in  many  con¬ 

figurations  because  of  a  certain  clearance  between  keel  and  water 
surface  as  required  for  operation  in  waves.  Figure  6.6  shows  several 
actually  built  designs  of  the  surface-piercing  type.  In  case  (a),  the 
boat  will  roll  to  a  position  which  is  stabilised  by  wetted  area 
differentials  at  the  piercing  points  (and  by  corresponding  lift  dif¬ 
ferentials  over  each  half  span).  A  way  of  improving  the  behavior 
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INFLUENCE  OF  A  LATERAL  AREA 
UPON  METACLNTER  AND 
equilibrium  IN  A  turn 

FIGURE  6.5 


(banking)  of  this  configuration  is  indicated  in  the  forward 
foil  provides  some  positive  hanking  moment.  -  In  cases 
(b)  and  (o).  positive  banking  can  be  expected,  provided  that 
other  components  such  as  struts,  rodders  and  propellers  do 
not  counteract  too  much. 


CO.'rJ  AL 
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The  metacentric  heights  indicated  in  Figures  6.3  and  6.5  are 
comparatively  low  for  practical  applications.  To  keep  the  boat  on 
even  beam,  dihedral  angles  in  the  order  of  and  below  20°  and/or 
larger  span  ratios  b/H  are  required.  The  metacenter  can  be  raised, 
however,  by  cutting  out  a  portion  in  the  center  of  the  foil  (done  by 
Vertens,  see  Chapter  1),  as  illustrated  at  the  bottom  of  Figure  6.6. 

Finally  it  shall  be  said  that  rolling  stability  may  also  be 
provided  by  means  of  the  electro-mechanical  control  system  mentioned 
before.  References  2  and  3  describe  the  successful  operation  of 
such  a  system  in  connection  with  straight,  fully-submerged  hydrofoils. 
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LATERAL  DESIGN  OF  SEVERAL  SURFACE -PIERCING 
FOIL  SYSTEMS  (REF.  4) 


X  •  METACENTER  •  •  CENTER  OF  GRAVITY 

FIGURE  6.6 
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3,  Directional  Stability 

The  rolling  motions  of  a  hydrofoil  boat  may  be  balanced  and 
stabilized  by  suitable  means  such  as  multiple  units,  V-shape 
characteristics,  or  artificial  control.  On  this  assumption,  static 
stability  about  the  vertical  axis  can  be  analyzed  in  a  manner  which 
is  similar  to  procedures  in  longitudinal  stability.  Also,  if 
disregarding  discontinuities  in  the  lateral  forces  due  to 
ventilation,  static  stability  characteristics  are  essentially  the 
same  whether  traveling  Straight  or  going  in  a  turn.  Substituting 
lateral  areas,  angles  and  forces  for  the  longitudinal  ones, 
equations  6.8  and  6.9  are  converted  into 

dCn  /dCtaA  S1  *1  /dcLat\  S£  *2  /dC Lat)  ^3  *3 

i:i?  '  VdVA  s’  t  *  V  tV*  S  ^  \  iih  8  J( 

m  indicating  moment  about  vertical  axis 

-  »/q  S  -  corresponding  coefficient 

*  moment  arm 

«  suitable  length  of  reference 

*  suitable  area  of  reference 

*  lateral  force  coefficient 

-  angle  of  yaw 


where  n 
Cn 

x 

{ 

S 

cLat 
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In  this  equation,  ”1”  refers  to  the  lateral  area  of  the  forward  set  of 
struts,  "2"  to  the  rear  set  (if  any),  and  "3"  to  the  rudder;  see 
Figure  6.1i  for  illustration.  Directional  stability  is  obtained, 
provided  that  the  sum  of  the  (dCn/dt|/)  components  is  negative 
(that  is,  ‘'restoring").  In  design,  this  is  achieved  by  making  the 
rear  areas  and/or  moment  arms  and/or  lift -curve  slopes  larger  than  the 
corresponding  values  in  the  forward  set  of  struts. 

The  lateral  "lift"-curve  slope  (dCLat/d^)  depends  very  much  upon 
the  type  of  lateral  surface.  Some  estimated  values  are  as  follows: 

a)  Surface-piercing  struts  connecting  foil  and  hull,  may  be 

considered  to  be  limited  at  their  lower  end  by  an  end  plate 
or  "wall",  thus  doubling  their  effective  aspect  ratio.  At 
higher  Froude  numbers,  the  water  surface  determines  the 
upper  end  of  the  struts  -  in  hydrodynamic  respect  -  as 
derived  from  referfence  5.  Therefore,  the  effective  aspect 
ratio  of  such  struts  is  approximately 

A  -  2  h/c  (6.21) 

where  h  *  submergence  and  c  ■  strut  chord.  In  practical 
cases,  this  aspect  ratio  may  be  in  the  order  of  2  or  3. 
Disregarding  the  second-order  non-linear  component,  the 
lift-curve  slope  is  then  in  the  order  of  dOj^/d^  «  2.5 
to  3.5  as  can  be  found  6n  the  basis  of  Chapter  7  of  Volume  II. 
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Much  the  same  values  of  lift-curve  slope  may  apply  to  end 
plates  which  can  be  used  in  hydrofoil  systems.  Equally, 
rudders  (kept  fixed  by  the  steering  mechanism,  with  or 
without  a  fixed  fin)  are  expected  to  show  values  in  the 
same  order  of  magnitude,  depending  upon  their  submerged 
aspect  rajtio. 

The  lateral  forces  in  a  sideslipping  (surface -piercing  or 
fully  submerged)  V-foil  are  known  by  theory^.  The  differential 
force  in  each  panel  corresponds  to  the  variation  of  the  normal- 
force  coefficient  indicated  by 


do*normal  ^  1 

-  — . —  +  ..  ■ .. . 

^normal  2  ^  ^  ^normal 


(6.22) 


ldie^e  "normal*  indicates  conditions  normal  to  the  panel.  The 
variation  of  the  angle  of  attack  (normal  to  the  panel),  is 
given  by 

formal  *  V  ainf  (6.23) 


Combining  these  two  equations,  Cnnrmfl-|  can  be  found  for  each 
foil  panel.  The  lateral  coefficient  in  each  panel  (on  lateral 
projected  area)  is  then 


cLat 


^normal 


^normal 
/  ■"  . . 

*^normal 


V  sinT 


(6.210 
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For  a  pair  of  panels  (with  differentials  iAo^orinal),  the 
lateral  force  corresponds  to 

Flat  "  2  clat  S  sinf"  (6. 

This  force  thus  increases  as  the  square  of  the  dihedral 
angle  f  • 


Using 'the  derived  parameters  (dClat/dHO>  equation  6.11  may  be 
readily  employed  in  an  approximate  analysis  of  static  directional 
stability  of  hydrofoil  craft. 
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APPENDIX  A 

ANALYSIS  OF  GIBBS  &  COX  DESIGN  STUDIES 

Introduction 

1.  Survey  of  Available  Material 

2.  Basic  Parameters  and  Relationships 

3.  Analysis  of  Data 

lu  Observations  and  Conclusions 


Several  design  studies  have  been  carried  out  at  Gibbs  &  Cox,  Inc. 
in  1953  under  ONR's  Hydrofoil  Research  Contract.  These  studies  are 
analyzed  to  determine  the  primary  characteristics  of  this  type  craft. 
Investigation  of  the  results  of  a  selected  ’'family”  of  designs 
Indicates  the  existence  of  an  "optimum”  size  between  50  and  100  tons. 
The  maximum  "reasonable"  craft  size  within  the  family  considered  is 
investigated  and  tentatively  set  at  about  1000  tons.  It  is  shown  that 
hydrofoil  boats  are  feasible  in  a  size -speed  category  not  presently 
occupied  by  other  conventional  marine  craft. 
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INTRODUCTION 

The  following  is  an  overall  analysis  of  a  series  of  design  studies 
completed  to  date  at  Gibbs  &  Cox,  Inc.  The  results  of  two  of  these 
studies  have  been  reported  formally^-*2.  Table  A*I  gives  a  survey  on 
the  various  configurations  investigated. 

The  procedure  followed  in  the  analysis  is  similar  to  the  "family 
of  ships"  technique  used  in  the  preliminary  design  of  ships.  This 
Implies  that  the  data  used  represent  actual  ships.  Although  the  design 
studies  considered  are  general  in  scope,  there  are  certain  character¬ 
istics  common  to  most  of  them.  These  characteristics  are  not  necessarily 
requirements  of  all  hydrofoil  vessels,  however.  The  results  of  the 
present  analysis,  therefore,  depend  upon  the  practicality  of  the  particular 
designs  and  upon  the  validity  of  the  assumptions  made  at  the  time  of  their 

conception.  The  material  is  investigated  with  this  in  mind,  selecting  a 

\ 

useable  "family"  of  boats,  the  pertinent  data  of  which  are  listed  in 
Table  A&X.  The  analysis  consists  of  determining  the  important  parameters 
to  be  used,  cross-plotting  various  data  from  the  design  studies,  and  then 
combining  these  plots  to  give  a  representation  of  the  effects  of  variations 
in  the  basic  parameters,  on  the  major  characteristics  of  the  designs. 

Study  of  the  latter  enables  certain  conclusions  to  be  drawn  concerning 
hydrofoil  craft  of  the  type  considered. 
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1.  SURVEY  OF  AVAILABLE  MATERIAL 


Basic  Criteria 

In  general,  the  following  basic  criteria  apply  to  the  design 
studies . 

Hull  -  The  hull  is  a  wsea-goingM  structure  with  the  necessary- 
superstructure.  Contemporary  materials  and  methods  of  con¬ 
struction  are  employed. 

Foil  System  -  The  foil  systems  employed  are  fully  submerged,  auto¬ 
matically  controlled  configurations.  The  foil  loading  is  kept 
below  that  at  which  cavitation  might  be  expected  to  occur.  No 
provisions  are  made  for  retraction  of  the  foils  (and  struts). 

Propulsion  -  Light -weight  machinery  suitable  for  marine  use  is 

y 

employed.  Since  some  of  the  most  suitable  engines  are  only  in  the 
development  stage,  certain  assumptions  have  been  made  concerning 
their  characteristics.  Underwater  propellers  are  used  exclusively. 

Equipment  &  Outfit  -  The  usual  navigational  equipment  and  mooring 
fittings  are  provided  consistent  with  an  ocean-going  craft. 
Permanent  berthing,  messing,  and  sanitary  facilities  are  provided 
for  the  crew. 
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"Payload”  -  No  specific  use  is  assigned  to  the  designs :  instead  a 
certain  amount  of  deadweight  and  corresponding  internal  space  is 
reserved  and  labelled  "payload".  The  "D"  series  is  an  exception  to 
this,  since  it  is  designed  for  air-sea  rescue  purposes. 

Selection  of  "Family" 

A  general  survey  of  the  existing  design  studies  (see  Table  A. I)  was 
made  in  order  to  select  a  "family  of  ships"  for  use  in  the  analysis. 

The  following  conclusions  are  reached* 

(a)  The  main  effort  in  the  "B"  series  was  expended  in  trying  out 
different  combinations  of  hull  form,  foil  configurations  and 
types  of  drive.  Since  the  experience  gained  in  this  study  is 
reflated  in  the  subsequent  design  studies  ("C"  through  "P"), 
and  since  one  of  the  latter  series  ("E")  is  of  the  same  dis¬ 
placement  (100  tons)  as  "B",  it  will  not  be  necessary  to  use 
the  "B"  series  in  the  analysis. 

(b)  The  remainder  of  the  series,  "C"  through  "F",  were  designed  in 
sufficient  detail  to  permit  a  weight  analysis  of  various  com¬ 
ponents  spanning  a  range  of  sizes  from  20  to  liOO  tons.  These 
will  be  used  as  the  family  in  the  analysis.  The  "D"  series 
was  designed  with  a  specific  purpose  in  mind;  i.e.  an  air-sea 
rescue  craft,  requiring  very  little  payload.  This  should  be 
kept  in  mind  when  applying  the  results  of  this  design. 
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TABLE  A.  I  —  SURVEY  OF  EXISTING  MATERIAL 


Series 

Code 

Hull  Form 

Foil 

Config. 

Engine 

Drive 

B-l 

Single 

Nacelle 

B-2 

Stepped 

Tandem 

B-3 

Single 

Inclined 

100  Ton 

B-l* 

Tandem 

Wright 

B-5 

Single 

Study  of 
various 

Nacelle 

B-6 

npi* 

Tandem 

"Aero" 

Configurations , 
Hull  Forms  & 
Transmissions 

B-7 

Single 

Inclined 

B-8 

Tandem 

B-9 

Single 

1*  Units 

Nacelle 

B-10 

Round 

Tandem 

B-ll 

Bottom 

Single 

Inclined 

B-12 

Tandem 

$0  Ton 

C-l 

Stepped 

Airplane 

Napier  E-ll*5 

Basie  Study 

In  more  detail 
than  previously 
done 

C-2 

Packard  W-100 

■  JLHv/XaUDU 

C-3 

Canard 

Napier  E-ll*5 

C-l* 

Packard  W-100 

l<|aC8110 

20  Ton 

D-l 

Stepped 

Airplane 

Packard  W-100 

Inclined 

Frooi 

with  "C"  Series 

D-2 

Solar 

Nacelle 

100  Ton 

E-l 

Packard  W-100 

From  experience 
with  "C*  Series 

Canard 

E-2 

Napier  E-ll*5 

iiOO  Ton 

F-l 

"Destroyer1! 

Canard 

Fairchild 

-  WflftAl  1  A 

F-2 

Napier  E-ll*5 
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2.  BASIC  PARAMETERS  AND  RELATIONSHIPS 


There  are  a  great  many  quantities,  ratios  and  adjectives  which  may 
be  used  to  describe  or  evaluate  various  aspects  of  a  craft  or  its 
performance.  From  these,  a  limited  number  (the  most  important  ones) 
are  selected  for  use  in  the  analysis.  Some  of  the  numbers  are  important 
in  an  absolute  sense  (for  example,  the  draft  which  may  have  physical 
limits  due  to  harbors).  Others  are  best  expressed  in  terms  of  ratios 
to  other  quantities  (such  as  drag  expressed  as  lift-drag  ratio  in  terms 
of  the  displacement  weight  of  the  craft).  There  are  certain  relation¬ 
ships  between  the  quantities  selected.  It  will,  therefore,  be  necessary 
to  establish  which  ones  are  independent  (assumed)  and  which  ones  are 
dependent  quantities  (resulting  from  assigning  values  to  the  independent 
variables) . 

In  many  cases,  the  definitions  depend  upon  the  point  of  view.  For 
example  -  displacement,  speed,  foil -and  propeller  efficiency,  and  the 
power  are  related  by  a  single  equation.  Should  the  speed  now  be  con¬ 
sidered  a  result  of  power  and  displacement  for  a  given  configuration, 
or  should  the  speed  be  selected  thus  requiring  a  certain  power?  The 
answer  to  this  question  depends  on  the  particular  requirements  of  the 
craft  and  possible  limitations  on  the  quantities  due  to  other  factors 
(such  as  cavitation,  for  example,  or  weight). 
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Basic  Parameters 

The  following  parameters  have  been  selected  for  use  in  the  analysis. 
Where  possible,  the  nature  of  the  parameter  as  used  is  indicated  (as 
« independent”  or  '‘dependent").  If  "dependent",  there  is  also  mentioned 
what  other  parameters  or  considerations  are  primarily  responsible  for 
its  determination.  Thus i 

Displacement  (or  "Size1)  -  "A”  -  The  normal  displacement  in  long 
tons.  This  is  the  most  basic  quantity  used;  it  will  be  treated  as 
an  independent  variable  until  the  conclusion,  when  the  question  of 
maximum  size  is  discussed. 

power  -  "SHP"  -  The  maximum  continuous  shaft  horsepower.  This 
quantity  is  sometimes  important  in  an  absolute  sense  but  is  more 

often  expressed  in  a  specific  manner  (SHP/A)* 

\ 

Speed  -  "V^"  **  The  maximum  continuous  speed  in  knots  corresponding  to 
SHP  and  A  defined  above  is  usually  important  as  an  absolute  value. 

Range  -  "R"  -  The  range  in  nautical  miles  is  defined  for  the  above 
conditions  of  A,  Vr  and  SHPj  utilizing  all  the  fuel  carried.  It 
should  be  pointed  out  that  this  range  is  not,  as  usual,  defined  for 
cruising  speed.  The  definition  for  maximum  speed  should,  neverthe¬ 
less,  give  a  measure  of  the  distance  potentialities  of  the  craft. 

The  so-defined  range  will  in  general  be  proportional  to  that  in 
conventional  definition. 
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Efficiency  -  "E"  -  is  an  overall  efficiency  of  configuration  and 
propulsion,  given  as  the  product  of  the  lift-drag  ratio  "L/D"  and 
the  overall  propulsive  coefficient  xj  ■  EHP/SHP|  thus* 

E  -  q  L/D  (A.l) 

This  efficiency  is  defined  as  that  corresponding  to  speed  and 
load  A  given  above. 

Engine  -  The  tj^e  of  engine  and  transmission  is  given  (gas  turbine, 
diesel,  inclined  shaft,  etc.).  The  fuel  rate  "c"  (lb/SHP  per  hour) 
and  the  specific  weight  "m"  (lb/SHP,  including  auxiliaries  and 
transmission)  correspond  to  engine  type  and  horsepower  involved. 

The  quantities  "m"  and  "c"  are  usually  contradictory,  i.e.  a 
"light-weight"  engine  generally  is  not  as  economical  as  a  heavier 
more  complex  plant  and  vice  versa. 

Maximum  Draft  -  "H"  -  is  the  draft  of  the  foil  system^  including 

\ 

propellers  when  static  and  fully  loaded  -  i.e.  the  greatest  draft 
tinder  any  conditions. 

Maximum  Beam  -  "b"  -  is  the  greatest  span  of  the  foil  system  or  the 
hull,  whichever  is  the  greater,  i.e.  the  greatest  transverse 
dimension  of  the  craft. 

Length  -  "L"  -  is  the  "length  between  perpendiculars"  of  the  buoyant 
part  of  the  hull  -  employed  to  classify  the  hulls  by  the  speed- 
length  ratio  (Vfc/\/L)  which  is  important  in  consideration  of  wave 
making  resistance,  inception  of  planing,  etc. 
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(3)  "Fuel"  -  the  fuel  oil  and  lubricating  oil  consumed  by- 
propelling  machinery  and  auxiliaries,  corresponding  to 
range  "R".  Extra  fuel  carried  as  cargo  or  for  the  return 
trip  is  included  in  (U)  below.  Feed  water  if  stored  and 
consumed  is  also  included  in  this  group. 

(li)  "Payload"  -  useful  weight  carried,  such  as  cargo,  passengers, 
extra  fuel,  armament,  ammunition,  radio  and  radar,  etc.  as 
well  as  the  extra  crew  required  for  a  military  vessel  is 
included  in  this  group. 

The  primary  relationships  of  these  weights  to  the  basic  parameters 
are  assumed  to  be  as  follows* 


(1) 

Hull 

As  - 

(Ah/A)A 

(A.3) 

(2) 

Machinery 

^m  " 

m  A 

(A.U) 

(3) 

Fuel 

Ar  ■ 

*ko  i  (shpM,a 

(A.5) 

(U) 

Payload 

4  - 

<Aj/A)A 

(A. 6) 

The  sum  of  these  weights  must  be  equal  to  (A  i  givings 


4, 


(SHP/A) 


-  22hO 


(1 . 4/A  -  Ap/A) 


available  (m  +  c  R/Vk) 


(A. 7) 
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This  is  the  power  which  can  be  installed  or  which  is  "available" 
in  a  craft,  if  the  quantities  on  the  right-hand  side  of  the  equation 
are  given.  The  ratios  Ak/A  j  m  and  c  generally  depend  on  other 
parameters  such  as  displacement,  power,  and  type  of  engine.  The  quantity 
R/Vjj  can  be  called  the  maximum-speed  endurance,  "T"  in  hours  j  it  is  seen, 
therefore,  that  machinery  and  fuel  have  a  total  specific  weight  » 

(m  +  cT)  for  a  given  maximum-speed  endurance. 


The  above  framework  will  form  the  basis  for  a  weight  analysis  to 
follow  (Section  3).  Equating  "required"  and  "available"  power,  gives  an 
additional  relationship  between  speed,  efficiency,  useful  load,  range,  and 
engine  characteristics: 


\  -  3*6;  U-  AhM  -  VA>  -  ;H 


or  in  terms  of  the  maximum-speed  endurance  "T" 


326  E 


(i  -  Ah/A  -  4p/A) 

(m  +  cT) 


(A. 8) 


(A  .9) 


It  is  important  to  note  that  the  range  (or  endurance)  is  not  dependent 
on  size  except  as  size  influences  the  other  parameters.  In  a  high-speed 
displacement-type  ship  the  quantity  E  increases  with  size  for  a  fixed 
speed  due1 to  the  reduction  of  the  Froude  number  (wave  resistance) j  the 
range  may  therefore  be  increased.  A  hydrofoil  craft  or>  the  other  hand 
is  characterized  by  an  essentially  fixed  value  of  E,  regardless  of 
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size.  One  should  therefore  not  expect  larger  hydrofoil  craft  to  .travel 
further  than  smaller  ones. 

Another  important  relationship  between  the  size  and  the  physical 
dimensions  may  be  derived.  The  buoyant  lift  of  the  hull  depends  on 
the  displaced ' volume  (say  L^)  and  the  foil  lift  depends  on  the  square 
of  the  speed  and  the  foil  area  (say  b^V^).  Since  the  two  must  be 
equal,  we  have  a  relationship  between  a  foil  dimension  and  a  hull 
dimension t 

b2/L2  ^  L/y2  f  or  b/L  ^  &/6/v  (A. 10) 

For  a  fixed  speed  V,  the  foil  dimensions  will,  therefore,  tend  to 
"outgrow"  the  hull  dimensions  as  the  size  increases,  an  important  ratio 
for  example  being  the  ratio  of  the  foil  span  to  hull  beam.  The  result¬ 
ing  structural  configuration  accordingly  tends  to  become  unwieldy  beyond 
a  certain  size.  The  maximum  draft  "H"  depends  on  both,  a  hull-  and  a 
foil  dimension  and  will,  therefore,  have  an  intermediate  growth 
characteristic. 
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3.  ANALYSIS  OF  DATA 


Breakdown  of  Weights 

For  purposes  of  analysis,  the  basic  weight  breakdown  as  given  in 
Section  2  is  used,  with  the  "Hull”  group  (l)  further  divided  as  follows: 

1-a  Hull  Structure 
1-b  Foil  System 

l~c  Equipment,  Outfit,  Crew,  Effects,  Stores,  Fresh  Water 

Pertinent  data  for  the  designs  to  be  included  in  the  analysis  (see 
Section  1)  are  given  in  Table  A. II. 

Groups  1-a,  1-b  and  1-c  are  plotted  in  Figure  A.l  against  the 
absolute  size  A  as  percentages  of  the  full-load  displacement  A. 

Group  1-a,  the  hull  structure,  is  more  or  less  constant  over  the  size 

\ 

range  investigated  with  a  small  amount  of  redundancy  in  the  smaller 
sizes.  This  is  logical  since  the  hull  bending  moment  is  not  an  important 
structural  criterion  in  the  establishment  of  the  plating  thickness  In 
ships  of  the  same  size  range;  the  local  conditions  usually  goverh. 

Group  1-b,  the  foil  system,  shows  a  steady  percentage  growth  with  size 
(proportional  to  A3/2)  as  indicated  by  the  increasing  relative 
dimensions  of  the  foil  system  with  increasing  size  at  a  more  or  less 
Constant  speed  (see  Section  2).  This  effect  becomes  extremely  important 
in  the  largest  sizes  considered.  Group  1-c,  representing  the  effects 
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of  ,,services,,  (berthing,  messing,  manning  the  craft,  etc.)  decreases 
with  size,  this  being  a  logical  result  of  proportionally  smaller  crews 
required  on  larger  craft.  Figure  A.  2  shows  the  "hull11 -group  components 
added  together.  The  remaining  weight  percentage,  depending  on  size,  as 
shown,  is  then  available  for  the  remaining  weight  groups  (2  to  U),  i.e. 
for  machinery,  fuel  and  payload.  It  is  seen  that  for  hydrofoil  craft 
corresponding  to  the  basic  criteria  assumed  (see  Section  1),  there  is 
an  optimum  margin  remaining  at  about  100  ton.  This  means  that  larger 
craft  suffer  from  high "foil-system  weights,  and  smaller  craft  from 
certain  redundancies  in  respect  to  crew,  services,  hull,  etc.  It  should 
be  emphasized  that  the  latter  is  not  necessarily  an  indication  that 
smaller  hydrofoil  craft  are  not  feasible;  rather,  it  is  a  result  of 
maintaining  unfair  criteria  into  this  range.  One  should  not  expect 
small  boats  to  have  the  accommodations  and  complete  independence  of 
shore  facilities  for  long  periods  of  time  as  do  larger  craft. 

Speed  and  Power 

Having  determined  the  margin  of  weight  available  for  machineiy,  fuel 
and  payload,  for  a  given  size,  selection  may  be  made  between  the  relative 
weights  of  these  items  depending  on  speed,  range,  and  deadweight  re¬ 
quirements  of  the  design.  The  latter  are  nusefuln  qualities;  emphasis 
may  be  placed  on  one  of  them  at  the  expense  of  the  others. 
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There  are  many  ways  of  proceeding  in  the  distribution  of  "useful” 
weight.  The  deadweight  and  range  may  be  fixed,  for  instance,  so  that  a 
speed  is  obtained  (based  on  engine  characteristics  which  are  also 
variables).  Also,  fixed  speed  and  range  may  be  assumed,  so  that  the 
payload  is  obtained  as  the  result.  It  is  not  within  the  scope  of  this 
analysis,  however,  to  consider  all  of  the  ramifications  involved. 

Rather,  it  is  intended  to  proceed  in  a  logical  manner,  illustrating  the 
possibilities  of  representative  hydrofoil  craft  based  on  the  design 
studies  considered.  In  this  respect,  an  inspection  of  Table  A. II  shows 
that  the  speeds  involved  do  not  differ  radically  between  the  designs. 
Payload  has  been  selected  at  about  20 %  of  the  full  load.*  Furthermore, 
there  appear  to  be  two  definite  types  of  engines  employed;  the  gas 
turbine  with  a  high  fuel  rate,  but  low  specific  weight,  and  the  heavier, 
but  more  efficient  compound  engine.  It  should  be  sufficient,  therefore, 
in  this  analysis  to  consider  four  variations;  two  types  of  engines  and 
two  types  of  overall  design  concepts  as  shown  in  Table  A. III.  In  one 
pair  of  designs,  the  emphasis  is  placed  on  high  speed  (avoiding 
cavitation,  however)  and  in  the  other  pair  on  efficiency.  The  engines 
considered  are  the  two  variations  defined  above;  the  specific  weights, 
which  vary  with  power,  are  tentatively  established  by  Figure  A. 3.  The 
required  SHP/A  is  given  in  Table  A. III.  This  Table,  in  conjunction 
with  Figure  A. 3  gives  a  function  of  machinery  weight  against  displacement 


*An  exception  to  this  is  the  20-ton  boat,  which  was  designed 
as  an  air-sea.  rescue  craft  with  small  payload  requirements. 


CONFIDENTIAL 


I  -  A. 18 


CONFIDENTIAL 


DESIGN  STUDIES 


TABLE  A. Ill 


TYPES  OF  ENGINES  AND  CRAFT 
CHARACTERISTICS  SELECTED  FOR  ANALYSIS 


0 

Engines  Selected  for  Analysis 

Gas  Turbine 

Compound 

Specific  weight 

—  -  See  Figure  A. 5  - 

Fuel  rate  wcw 

0.72 

0.36 

b) 

Craft  Characteristics  Selected 

High  Speed 

Moderate  Speed 

Design 

Design 

Maximum  Speed  -  Vk 

h8 

35 

Propulsive  Coefficient 

o.5o 

0.60 

(L/b)  Ratio 

8.8 

11.5 

Efficiency  -  E 

h.U 

6.9 

(SIP/ A  )  required 

75 

V 

35 
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for  each  combination  of  each  engine  and  design.  Finally,  by  assuming 
20%  payload,  the  remaining  weight  may  be  translated  into  range.  A 
corresponding  range  curve  is  shown  in  Figure  A.ii,  showing  the 
superiority  of  the  compound  engine  on  this  basis  for  all  but  the 
larger  (over  200  ton)  high-speed  craft.  The  latter  case  represents 
a  condition  where  the  better  fuel  rate  of  the  compound  engine  is 
negated  by  the  smaller  amount  of  fuel  available  due  to  the  large 
machinery  weight. 


Mtooo 
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iiooo 
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■3^ 


MODERATE  SPEED-COMPOUND  ENGINE ' 


MOPERATE  SPEED-GAS  TURBINE 


HIGH  SPEED-COMPOUND  ENGINE 


HWH  SPEED -GAS  TURBINE 

J—J  J 
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“POLL  LOAD  DISPLACEMENT- TONS 
RESULTING  RANGE  FOR  WRIOUS  TYPES  OF  MACHINERY. 
ON  THE  BASIS  OF  20%  P*YLOAD 

FIGURE  A.  4 
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The  foregoing  analysis  shows  that  the  "optimum"  hydrofoil  craft 
in  this  series  lies  between  50  and  100  tons,  and  that  the  range  of 
such  boats  is  limited  by  comparison  if  a  reasonable  amount  of  payload 
is  to  be  carried.  Figure  A. 5  further  illustrates  the  relationship 
between  range  and  payload  for  craft  near  the  mentioned  optimum 
(1000  tons). 

It  should  be  emphasized  again  that  the  range  referred  to  above 
is  at  maximum  speed,  and  that  suitable  cruiiing  conditions  may  be 
utilized  either  at  a  lower  flying  speed  or  in  displacement  operation 
(see  reference  2)  to  give  a  greater  radius  of  action.  In  respect  to 
displacement  operation,  the  larger  sizes  will  be  more  efficient  because 
of  the  lower  speed-length  ratio  involved  at  some  acceptable  "floating" 
speed  (say  15>  knots). 
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Other  Considerations 


There  are  other  considerations  which  are  important  in  determining 
the  usefulness  of  a  design,  one  of  them  being  the  physical  limitations 
of  harbors,  dry-docks,  channels,  etc.  Figure  A. 6  shows  the  variation 
of  hull  beam,  foil  span  and  maximum  draft  with  size.  Cut-off  points 
are  indicated  at  a  draft  of  ItO  ft,  a  span-beam  ratio  of  2  and  a  foil 
span  of  100  ft.  These  cut-off  points  are  difficult  to  define  and  they 
are  sensitive  to  changes  in  the  values  assumed  (especially  the  span-beam 
ratio).  All  of  them  tend  to  show,  however,  that  there  is  a  size 
limitation  for  hydrofoil  craft.  This  point  will  also  be  discussed  from 
other  arguments  in  Section  iu 

Finally,  there  is  another  effect  of  increase  in  size  noticeable  in 
Table  A. II,  namely  the  change  in  hull  form.  This  may  be  simply  expressed 
as  a  decrease  in  the  speed-length  ratio  at  some  speed  near  take-off 
(proportional  to  the  maximum  speed)  due  to  the  increase  of  hull  length. 
Thus  a  destroyer-type  hull  is  called  for  in  the  1*00  ton  design  while  a 
«PT»  type  is  utilized  in  the  smaller  sizes  and  possibly  a  stepped  hull 
in  very  small  hydrofoil  boats. 
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li.  OBSERVATIONS  AND  CONCLUSIONS 


Regarding  Size 

The  analysis  shows  the  importance  of  size  on  performance  and 
feasibility  of  hydrofoil  craft.  For  the  type  considered,  an  optimum 
in  the  useful  load  capacity  (or  range)  is  found  between  50  and  100  tons. 

In  larger  craft  the  influence  is  felt  of  rapidly  increasing  foil  weight. 
This  increase  would  eventually  decrease  range  and  payload  to  an  unaccept¬ 
able  figure,  resulting  in  an  indication  of  maximum  size  for  hydrofoil 
craft  which  appears  to  be  in  the  neighborhood  of  1000  tons  for  the  type 
considered  (at  a  maximum  speed  in  the  order  of  1*5  knots).  Smaller  craft 
appear  to  suffer  from  a  certain  structural  redundancy.  Al3o,  the  decrease 
indicated  in  the  performance  of  such  smaller  craft  is  evidently  due  to  the 
fixed  criteria  in  this  series  regarding  the  accommodations  and  services  to 
be  provided.  Certainly  small  hydrofoil  craft  must  be  feasible,  as  they 
have  been  built.  However,  in  designing  them,  most  of  the  facilities 
mentioned  above  have  been  eliminated,  and  the  range  is  reduced. 

Aside  from  the  effect  of  size  on  performance,  it  is  shown  that  the 
physical  dimensions  of  hydrofoil  craft  may  become  unacceptably  large. 

In  the  family  of  boats  considered  (at  speeds  in  the  order  of  1*5  knots) 
this  occurs  again  in  the  neighborhood  pf  1000  tons  v°r  higher, 
respectively),  as  at  this  size  draft  and  foil  span  become  as  large  as 
draft  and  beam  of  a  large  trans-Atlantic  liner.  It  should  be  mentioned 
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here  that  foil  retraction  has  not  been  considered  in  the  evaluation.  - 
Also  shown  is  the  phenomenon  of  the  foil  span  outgrowing  the  hull  beam, 
the  ratio  b/B  being  2  at  5 00  tons  (for  speeds  in  the  order  of  i*5  knots). 

It  shall  be  emphasized  once  more  that  the  results  and  limitations 
equated  directly  apply  only  for  the  operational  conditions  of  the  series 
considered.  A  very  important  parameter  is  the  design  speed.  For  speeds 
higher  than  1*5  or  50  knots,  the  hydrofoil-system  dimensions  (Figurr  5) 
will  be  reduced.  In  this  respect,  the  maximum  practical  size  of  hydro¬ 
foil  craft  is  then  expected  to  be  higher  than  found  in  this  analysis. 

Comparison  with  Other  Craft 

A  discussion  of  the  area  of  existing  surface  craft  on  a  size -speed 
plot  is  presented  in  Appendix  "B”.  It  is  interesting  to  compare  the 

position  of  the  type  of  hydrofoil  craft  considered  in  this  series  with 

\ 

that  of  other  (existing)  craft.  Figure  A. 7  has  been  prepared  to 
illustrate  this  relationship.  An  area  is  shown  approximately  between 
100  and  1000  tons,  above  the  limiting  lines  for  displacement  vessels 
(defined  by  the  Froude  number  Vk/  ■  12),  in  which  the  hydrofoil 
craft  would  occupy  the  sole  position.  This  fact  may  be  emphasized  by 
trying  to  conceive  of  a  seaworthy  craft  of  1*5  knots  and  300  tons 
displacement)  a  displacement  type  of  this  size  would  not  be  able  to 
make  this  speed  (powerwise)  and  a  large  nPTw  type  probably  would  meet 
serious  structural  difficulties,  if  designing  for  operation  in  even 
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moderate  seas.  For  Illustration,  the  high  speeds  required  for  anti¬ 
submarine  craft  forces  the  site  of  this  type  upward  in  displacement. 
Utilising  the  favorable  characteristics  of  hydrofoil  boats,  it  would 
be  possible  to  keep  the  displacement  of  such  a  craft  down  (as  pointed 
out  in  reference  2)  at  a  site  which  would  be  governed  by  the  purpose 
(armament  and  equipment)  rather  than  by  hydrodynamic  considerations. 
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statistical  study  of  the  size  and  speed  or_  ships 


I 

£ 

This  study  is  a  sise  and  speed  analysis  of  existing  vessels.  j 

K  plot  of  speed  versus  sise  is  presented  in  vhioh  various  types  of  j 

vessels  are  mapped.  Some  oonolusions  are  made  and  a  tentative  outline  j 

| 

is  given  for  further  analysis. 
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Various  types  of  vessels  have  been  mapped  on  a  logarithm  chart  of 
speed  versus  size  (Figure  B.l).  The  material  has  been  taken  from 
published  sources  such  as  ‘'Jane’s  Fighting  Ships",  several  yachting 
books  by  Uffa  Fox,  and  the  magazine  "Marine  Engineering  and  Shipping 
Review".  The  speeds  used  are  those  tabulated  which  probably  represent 
the  speed  for  continuous  operation  rather  than  the  maximum  (trial) 
speed  (except  for  racing  boats).  The  displacement  used  in  the  normal 
load  displacement  ("standard"  in  the  case  of  naval  vessels).  The  areas 
occupied  by  various  types  of  vessels  are  identified  by  name,  and  are 
broken  down  by  use  of  different  symbols  Into  three  categories? 
"merchant",  "naval",  and  "high-speed"  (planing)  vessels. 

In  addition  to  the  points  on  the  plot  representing  individual 
vessels,  there  are  several  lines  drawn.  The  first  ((l))  is  the  "Fronde 
number"  line  Mk/A1/6  *  12  determined  in  such  a  manner  that  all  dis¬ 
placement-type  vessels  fall  below  it.  A  second  line  (@)  represents 
statistically  the  maximum  speed  for  all  vessels,  over  most  of  the  size 
range.  Between  100  and  1000  tons,  there  Is  a  gap,  however,  where  the 
Froude  number  (line  (l))  forms  the  limit.  The  two  lines  will  be  further 
discussed  below.  Lines  of  constant  (A/v)  are  drawn  in  for  convenience j 
they  do  not  have  special  signiftcancej  however. 
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DISCUSSION  OF  PLOT 

The  HFroudeM  line  ({l)  )  represents  a  maximum  value  of  V^/  for 

existing  displacement  vessels.  From  the  relationship 

VA1/6  ■  — ~^~~77Z 

(  A/d/lOC:)-)1'6 

it  is  seen  that  the  line  means  a  maximum  speed-length  ratio  combined  with 
a  minimum  displacement-length  ratio.  Fast  destroyers  have  both  these 
characteristics!  they  are,  therefore.  Important  in  establishing  the 
function.  The  line  represents  a  limit  for  displacement  vessels.  This 
premise  is  substantiated  by  an  inspection  of  the  small-di»pl&cement 
range  (1  to  100  tons).  All  the  vessels  in  this  range,  above  the  "Froude'1 
line  Q ,  are  of  the  planing  or  serai-planing  type.  At  the  higher  dis¬ 
placements  (1,000  to  100,000  tons),  the  fastest  vessels  do  not  follow 
this  linej  rather  the  limit  is  indicated  by  line  {?) . 

We  will  tentatively  say  that  no  vessel  can  exceed  the  limit  of 
line  because,  for  one  reason  or  another,  it  cannot  carry  any  more 
power  in  addition  to  performing  its  normal  function.  Many  factors  go 
into  establishing  this  limit.'  At  present  we  can  only  note  that  the 
increase  in  this  line  at  small  displacements  is  probably  due  to  lower 
machinery  specific  weights,  characteristic  of  smaller  power  plants. 

The  inter-relationship  of  the  two  lines  is  interesting.  Below  100 
tons,  enough  power  may  be  installed  to  drive  8  vessel  well  over  the 

CONFIDENTIAL 
I  -  B.3 


kJDENTIAL 


- -£.:.u  ?  ;  «..«f ■■••■ 

*--**-*■  ■*— ,‘rf-  ,  .:x-:  >“*—«” " ,'” 

speeds  practical  for  a  displacement-type  hull 5  planing  hulls  are  there¬ 
fore  used.  Conversely,  large  vessels  (over  U000  tons)  cannot  be  driven 
at  high  speeds  commensurate  with  their  size  due  to  a  lack  of  power. 

The  cross-over  point  is  at  about  1500  tons,  in  the  region  of  destroyers. 
These  vessels  are  the  fastest  displacement  vessels  of  any  size  existing 
today. 

Finally,  we  must  notice  that  there  is  a  region  under  line  (2)  and 
above  line  (l)  from  100  to  1000  tons  which  is  not  occupied  by  any  exist¬ 
ing  type  of  craft.  This  is  evidently  due  to  the  fact  that  PT-type 
vessels  have  not  been  built  over  100  tons,  possibly  due  to  their  poor 
seaworthiness  at  hi$i  speeds.  It  may  be  that  hydrofoil— supported  boats 
are  most  suited  for  operation  in  this  region. 

FUTURE  WORK 

\ 

This  study  should  be  extended  by  investigating  existing  vessels  in 
more  detail  on  the  basis  of  «mkilability  and  requirements  of  weight  and 
power.  Such  analysis  would  essentially  deal  with  the  dependence  of  line 
CD  on  &  great  many  factors  such  as  resistance  or  machinery  specific 
weight*  The  investigation  should  enable  one  to  discuss  the  speed  limits 
from  the  standpoint  of  these  factors,  and  to  point  out  premising  areas 
for  future  development. 
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